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Preface 


This third edition of an established book has become necessary to enable the marine 
engineer to keep abreast of new developments in design and manufacture of marine 
diesel engines. As the most efficient means of producing power from low grade fossil 
fuels, the diesel engine is predominant as the propulsion machinery for ships. It should 
be remembered that the majority of the world’s produce is still transported by sea. 

The book continues to meet the requirements of Marine Engineer Officers preparing 
for examinations. The wider coverage is supplemented by additional diagrams to aid 
understanding and retention of important details and to facilitate easy reference. 
Engine descriptions are limited by the size of the book but are sufficient to show present 
trends in current engines. Some earlier large engines have been retained, as these 
illustrate some of the major changes in past development. 

Modern designers have the benefits of computer aided design and finite element 
analysis together with improved materials and manufacturing processes, all of which 
have contributed to the highly efficient and reliable engines available today. New 
developments in turbocharge systems improve fuel combustion efficiency over a wide 
range of engine speeds and allow the effective use of previously wasted energy to 
improve the total energy output. It is not surprising that engines from different 
manufacturers appear to have many features in common. 

Itis the adding of new technology to well proven practice that ensures reliability and 
gives ship-owners the confidence to order new engines even before they have been 
proved in service. 
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SI UNITS 


Mass =kilogram 
Force =newton 
Length =metre 
Pressure 


Temperature = degrees celsius 


CONVERSIONS 

1 inch=25.4mm =0.025m 

1 foot =0.3048m 

1] square foot = 0.093 m? 

1 cubic foot =0.028m? 

] pound mass (Ib) =0.453kg 
1 UK ton (mass) = 1016kg 
1 short ton (mass) =907 kg 
1 tonne mass = 1000kg 

I pound force (Ibf)=4.45N 
l ton force (tonf)=9.96kN 
1 kgf=9.81N 
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(kg) 
N) 
(m) 
=newton/sq metre (N/m?) 
CC) 


0.001in=0.025mm 

CF-32)x3=°C 

1 Ibf/in?= 6895 N/m? = 6.895kN/m? 

1 kgf/cm? = 1 kp/cm? = 102kN/m? 

l] atmos = 14.7] bf/in? = 101.35kN/m? 

l bar=14.5Ibf/in? = 100kN/m? 

Note: For approximate conversion of pressure 
units 

100KN/m?=1 bar=1kg/cm?=1 atmos 
l tonf/in? = 15440kN/m?= 15.44MN/m? 
1 HP=0.746kW 


CHAPTER I 
Engine Types 


Marine engines are required to operate continuously, reliably and safely in unmanned 
engine rooms and with extended periods between planned overhauls. They may be 
expected to operate for considerable periods at low power without ill effects, and to be 
tolerant of low quality fuels while maintaining very high thermal efficiency. Continuing 
development and improvement in design are necessary to meet these demands and new 
generations of engine models are produced to take advantage of advances in research 
and experience. Considerable improvements in design and performance of turbo- 
chargers and charge air systems in recent years have contributed substantially to 
increases in engine power and economy. The supply of charge air at reduced power is 
sufficient to maintain efficient combustion, and at full power surplus exhaust gas 
energy can be diverted to operate ‘power take off systems which will supplement the 
main or electrical power output. 

Changes in world trade may lead to the emergence of different ship types with special 
demands upon their power systems. Manufacturers produce a range of cylinder sizes 
and numbers in each model so that a wide selection of power or other parameters is 
available. Further sizes are developed when a particular demand becomes evident. 
Practically all new merchant ships are powered by diesel engines, and some existing 
large steamships have been re-engined with diesel power to improve their economy and 
extend their useful life. 

Basically, marine diesel engines can be divided into two main types: large, slow- 
running direct drive engines with limited numbers of cylinders, or medium to high 
speed engines driving through reduction gears. Cylinder sizes do not necessarily 
distinguish between these; slow-speed engines are available with cylinder bores down 
to 260 mm, while medium speed engines are produced with bores up to 620 mm. 

Although there are distinct differences between both types, much of the subject 
matter in this book is relevant to all engines. Where necessary their characteristics are 
dealt with separately. 


SLOW-SPEED ENGINES 


This category refers to engines operating at between 55 to 150 rpm. Large, slow-speed, 
direct drive main engines operate exclusively on the two-stroke cycle and are of 
crosshead construction which allows complete isolation between the cylinders and the 
crankcase. They are best able to tolerate low-quality fuels and burn these successfully 
to obtain the highest thermal efficiencies. Slow piston speed and fewer working parts 
make them very economical in lubricating oil, and give low rates of wear and 
remarkable reliability. Although there are now few manufacturers producing these 
engines, they dominate the market particularly in ocean-going ships. 

A variety of size and numbers of cylinders are available, to suit all power 
requirements. In addition to the standard models they are produced in long-stroke 
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versions with stroke/bore ratio up to 3.8: | and at speeds down to 55 rpm, allowing the 
use of large, slow propellers for high efficiency in vessels such as bulk carriers and large 
tankers. Slightly shorter stroke engines operating in the speed range of 100 rpm are 
designed for high speed container ships. Short-stroke models cater for ships with 
limited draft, propeller size or engineroom height. Many of the basic engine 
components are common to all versions. 

Current models of two-stroke engines are illustrated here, together with some older 
models which are still in operation and have distinctive features of which the student 
must be aware. 


SULZER RTA Engines Fig. 1.1 shows a Sulzer RTA 84C engine which is a 
typical modern slow-speed, two-stroke, crosshead type, long stroke engine. It has a 
bore of 840 mm, a stroke of 2400 mm and an operating speed of 100 rpm. It is available 
with between four and twelve cylinders and is particularly produced for the large, fast 
container ship market. Its design and construction is similar to other engines in the 
RTA Series 2 which offer a number of cylinder sizes down to 380mm. 


1.1 Sulzer RTA 84C engine 
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A deep single-wall, box type bedplate fabricated from welded steel plates and 
castings, and substantial welded ‘A’ frames surmounted by cast iron cylinder jackets 
bolted together to form a cylinder block, together give a rigid overall construction. The 
structure is pre-stressed by long vertical tie bolts. 

Cylinder liners are of alloy cast iron. A stiff collar at the upper end resists the heavy 
gas load; this lands on the cylinder jacket. It is bore cooled with water flow rates 
regulated to maintain correct temperatures throughout the liner. The lower end is 
uncooled within the scavenge space. Multi-level cylinder lubrication is used to reduce 
liner wear rates. 

The solid forged steel cylinder cover is bore cooled to reduce thermal stress and to 
conduct heat from the fuel injector pockets. A centrally positioned large exhaust valve 
cage has its valve seat intensively cooled, taking water from the cover. The valve is 
manufactured of Nimonic 80 A alloy and is rotated by vanes fitted to its spindle. It is 
opened by hydraulic pressure from a cam driven actuator and is closed under the action 
of an air spring. 

The piston has an alloy steel crown and has five compression rings fitted in 
chromium plated grooves. There is a short cast iron skirt. The piston is oil cooled using 


1.2 Sulzer RTA 58—84 engine 


ENGINE TYPES 


both the ‘shaker’ method and small jets to propel oil into bore holes close to the 
underside of the crown and behind the ring grooves. Oil for cooling is supplied and 
returned through a bore in the piston rod from swinging links at the crosshead. The 
single piece crosshead has the piston rod bolted to its upper surface and a continuous 
full-length lower half, top end bearing, which is of white metal and lubricated with high 
pressure oil. Guide shoes are attached to each end of the crosshead. 

A semi-built up crankshaft has slim webs to allow large bearing areas; main bearing 
caps are secured by jackbolts from the engine frames. The main camshaft is gear driven 
and is fitted with servomotors to re-time fuel pump cams and the air start distributor 
when operating the engine astern. 

Fuel pumps are of the cam-driven valve-timed type, with variable ignition timing to 
adjust timing and maintain efficient combustion at low speed. Each pump supplies 
three uncooled fuel injectors placed symmetrically in each cover. Hot fuel oil circulates 
the valves when not injecting. 

The engine has through-scavenge and constant pressure turbocharging with a high 
efficiency, uncooled turbocharger supplemented at very low speeds by two constant 
speed, electric driven auxiliary air blowers. 

Fig. 1.2 shows a Sulzer RTA Series 1 engine. These have many similarities to the 
Series 2 engines which were developed from it. This engine has water cooled pistons. 
Water is supplied and returned through telescopic glands. These are entirely separated 
from the crankcase to avoid any possibility of contamination. A separate piston 
cooling water circulation system is used. 

The crosshead has split top end bearings. The piston rod is attached to the centre 
block of the crosshead between the two top end journals. Each bearing has a flexible 
support to limit load concentration. Thin-wall aluminium-tin bearing shells are fitted. 


MAN—B & W MC Engines Fig. 1.3 is ofa MAN—B & W K90 MC—C engine. 
This is a large crosshead type two-stroke engine with a bore of 900mm, a 2300mm 
stroke and an operating speed of 104 rpm. It is constructed with between six and twelve 
cylinders. 

Developed as one of the extensive range of the manufacturer’s MC engines, it is of 
the power and speed best suited to large, fast container ships. The increase in running 
speed is obtained by a slight decrease in engine stroke. High thermal efficiency is 
maintained by an increase in mean effective pressure. 

Construction can be considered generally as typical for the whole range. The engine 
bedplate is of rigid box form, fabricated from steel plates with main bearing supports 
of cast steel. Welded ‘A’ frames are assembled into a frame box which contains the 
crankcase, the crosshead guides and also supports the wheels for the chain drive of the 
camshaft. A cast iron cylinder frame accommodates the scavenge space between the 
cylinder jacket and the diaphragm, both of which are water cooled. Long pre-stressed 
tie bolts are fitted between the top of the frame and the underside of the bedplate 
girders. 

The cylinder liner is of alloy cast iron, its upper flange lands on top of the frame and 
has bore cooling. It is secured by a forged steel cylinder cover which is also bore cooled 
and is shaped internally to accommodate most of the combustion space. Cylinder 
lubricating oil is injected at one level in the liner. Pistons have a chrome-molybdenum 
alloy steel crown with hard chrome-surfaced ring grooves in which four compression 
rings are fitted. In this particular model a protective layer of Inconel is welded to part of 
the crown surface to prevent high temperature corrosion. The piston is oil cooled, oil 
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1.3 MAN—B & W K90 MC—C engine 


being supplied by a telescopic gland to the crosshead and then through the piston rod. 
It is returned from the crosshead to a slotted pipe in the crankcase. A’short cast iron 
skirt is added. The crown is bolted to the piston rod at an inner support ring. 
Surface hardening reduces wear on the piston rod at the diaphragm gland. The rod is 
bolted at the top of a cylindrical crosshead which is of large diameter and incorporates 
a full length bottom half bearing shell. Floating guide shoes are attached at each end. 
The crankshaft may be either semi-built up or of welded construction, with large 
journals and pins. All crankcase bearings are of white metal. Main bearings have thick 
shells, crankpin (bottom end) and crosshead (top end) bearings have thin-wall shells. 
White metal is also used for the guide surfaces. The exhaust valves are operated 
hydraulically under oil pressure from cam-timed actuating pistons. They have 
compressed air springs which allows them to be rotated by vanes. The valve spindles 
are usually manufactured by the hot isostatic pressure (HIP) method, a compound 
Nimonic and austenitic steel part construction. Valve housing is cooled at its seat and 
spindle guide bush but it upper duct is uncooled to avoid low temperature corrosion. 
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Fuel pumps are cam driven and timed by the plunger helix. An adjustable barrel 
allows variable ignition timing to maintain combustion efficiency at low speeds and can 
be adjusted to match the ignition quality of fuels. Pump timing is changed for astern 
operation by a link connected at the cam roller guide which is activated by compressed 
air. Each pump supplies three identical fuel injectors for the corresponding unit. 
Injectors are uncooled but they circulate hot fuel oil directly while their needle valves 
are in the closed position. 

The engine operates with a constant pressure exhaust system, with uncooled 
turbochargers. Two auxiliary blowers are fitted to operate at low charge air pressure or 
at low engine revolutions. A number of waste heat recovery and power take-off systems 
can be operated under running conditions. 


MAN—B & W S 26 MCE Engine Shown in Fig. 1.4, this is the smallest of the 
MC range of engines. It has a cylinder bore of 260 mm, a stroke of 980 mm, operates at 
a speed of 250 rpm and it is produced as in-line engines with four to eight cylinders. 
Being the smallest crosshead type two-stroke engine available, it can be considered to 
compete directly with medium speed four-stroke engines of equivalent power for the 
propulsion machinery in ships of limited size. The moderate speed and relatively long 
stroke enable it to burn low quality fuels successfully and allow it to be coupled directly 
to a propeller, eliminating the required space, weight and cost of reduction gearing. 
Separation of the crankcase from the cylinders limits the consumption and deteriora- 
tion of lubricating oil compared with trunk piston engines. A greater height of 
engineroom will be required. 

The engine bedplate is of cast iron with transverse members supporting steel backed 
white metal main bearings. The crankcase is formed from one single casting which 
includes frames and guides together with the scavenge trunk and the diaphragm. Long 
pre-stressed tie bolts passing through frames and transverse members secure the 
bedplate and crankcase framebox together. 

The cylinder liner is of alloy cast iron and is surrounded by two part water jackets. 
The lower jacket lands on the substantial top flange of the framebox and supports the 
liner collar. The upper jacket section, fitted above the collar, cools the combustion 
space and passes water to the cylinder cover. The one piece, forged steel cover is bore 
cooled and is secured on the top of the liner by long studs from the framebox. The 
construction of most of the working parts is similar to those for larger MC engines. The 
piston crown is of alloy steel with four compression rings, is oil cooled and has a short 
cast iron skirt. The piston rod passes through a diaphragm gland and is fitted to a single 
bearing crosshead. The crankshaft is solid forged and includes a thrust collar. All 
crankcase bearings are of white metal. 

The hydraulically operated exhaust valves have air springs. The camshaft is chain 
driven and is mounted within the framebox. Fuel pumps are cam driven with helix 
control; each supplies the two uncooled injectors per cylinder. Reversing is carried out 
by adjustment of the cam follower linkage. 

The engine operates with a constant pressure turbocharge system with one auxiliary 
blower automatically started during low-speed running. A compressed air jet system 
can accelerate the turbocharger in an emergency. 


B&W KEF Engine Thisengine shown in Fig. 1.5 and produced up to twenty years 
ago includes many features which have been improved and developed in present 
models. Exhaust valves were operated by pushrods and were closed by helical steel 
springs. Through scavenge was used and a pulse exhaust system required grouping of 
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14 MAN— B & W S 26 MCE engine 


cylinder exhausts into groups of three or four. Turbocharge efficiency was moderate by 
present standards. 

Bedplates were fabricated although some were cast iron. Semi-built up crankshafts 
and split crosshead bearings were used. Reversing was carried out with a large 
servomotor which rotated the whole camshaft to re-time fuel pump and exhaust valve 
cams. Heavy fuel was used and it was necessary for fuel injectors to have a separate 
cooling system. 

These engines have given good service over many years. 
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1.5 B & W KEF engine 


SULZER RND Engine Shown in Fig. 1.6, this engine was produced in 1968. It 
showed many developments which are present in modern engines but illustrates a 
different philosophy in combustion chamber arrangements. 

No exhaust valve was fitted and exhaust timing was controlled by a long piston skirt 
which uncovered exhaust ports in the cylinder liner. This required a form of cross/loop 
scavenge. The close proximity of both scavenge and exhaust ports made liner design 
more difficult and increased stress and wear in this area. 

Cylinder covers were in two concentric, water-cooled parts. The centre section was 
of cast iron and contained the valve pockets; the outer section formed a ‘strongback’ of 
cast steel. In later models forged steel, one piece covers with bore cooling were 
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1.6 Sulzer RND engine 


introduced. A single, central fuel injector was fitted; this was water cooled for burning 
heavy fuel. Cam-driven, valve-timed fuel pumps were used and apart from the air start 
distributor, these alone were re-timed for reversing. A servomotor rotated the main 
camshaft for this purpose. 

The bedplate was fabricated from steel plates with steel castings at main bearing 
supports. Lower stroke/bore ratio allowed bedplates to be more shallow with strong 
longitudinal box sections at each side. Constant pressure exhaust system was used, 
with water cooled turbochargers. Charge air pressure was augmented by a system of 
under-piston charging. 

Many of these engines were produced for service aboard ships and for shore plant. 


DOXFORD J Type Engine Fig. 1.7 shows a single acting, opposed piston engine 
of this type which was the last opposed piston model produced by the company. 
Various cylinder sizes up to 760mm were marketed; it had a combined stroke of 
2180 mm and a speed of 119 rpm. Engines were built with from three to nine cylinders. 
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1.7 Doxford J Type opposed piston engine 


Two pistons are fitted per cylinder. The lower or main piston is oil-cooled and has a 
long skirt fitted; it uncovers the scavenge ports at the bottom of its stroke. It is 
connected via a normal crosshead and connecting rod to the centre crank for the unit. 
The upper or exhaust piston is inverted in the top of the liner. It also has a skirt fitted, is 
water-cooled and uncovers the exhaust ports at the top of its stroke. This piston is 
connected by a beam to two side-rods with crossheads and is connected with each of the 
two outer cranks of the unit. Two pistons moving in opposite directions give good 
primary balance. Because all the gas load is transmitted directly to the crankshaft, no 
tie bolts are required. The bedplate is also of lighter construction and is manufactured 
of fabricated steel plates. 

The crankshaft is of built-up construction. It has three cranks per unit. This causes 
bending and high stress. The cylinder liner is in three parts bolted together, the centre 
combustion chamber being of cast steel. This contains all the valve pockets. 
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The fuel system works on a common rail; the fuel pumps, which are operated by a 
chain driven crankshaft, maintain the system under pressure. Two injectors are fitted 
per cylinder, and are controlled by a cam-operated mechanical timing valve. 

The engine operates with through scavenge and pulse turbocharging. It was unable 
to match the high pressures and fuel economy of more orthodox two-stroke engines. 


MEDIUM AND HIGH SPEED ENGINES 


Most of these are designed to operate on the four-stroke cycle and are of trunk piston 
construction. They are much lighter and smaller than equivalent slow-speed engines, 
but require gearing or some other means to reduce the drive speed for ships’ propellers. 
Medium speed generally means between 400 and 1000 rpm. 

Smaller engines are robust and can be highly rated. Their power/weight and 
power/size ratios make them particularly attractive where engineroom size is limited. 
They also require less strength built into the ship’s supporting structure. Long-stroke 
versions are produced to give greater fuel economy on heavy fuels. 

Medium speed engines are widely used in ferry type vessels and those of limited size. 
Rapid progress has brought many different models into production and a wide choice 
exists in size, speed and power. They are well adapted for re-engining existing ships, 
fitting well into existing engine space and giving ample power with increased economy. 
Flexible couplings and torsional vibration dampers are fitted at the couplings between 
engines and gearbox drives. 

Plant systems may incorporate a number of similar engines of this type, giving great 
flexibility for part-load operating or maintenance. With controllable pitch propellers 
there is no need to fit the more expensive reversible engines. 

Modern engines can operate successfully on all but the heaviest of fuels with 
surprisingly low wear rates. Smaller and lighter parts, with simpler construction, give 
easier maintenance. Shell bearings are in general use. 

Engines may operate on either the pulse or constant pressure turbocharge system. 
As four-stroke engines they are self-aspirating at slow speeds. Pulse charging will 
incorporate pulse converters to reduce the size of exhaust manifolds and improve 
turbine efficiency. This system may have some advantage where rapid acceleration is 
required, while constant pressure gives a greater efficiency overall. Turbochargers may 
require water cooling with the high exhaust temperatures which may be produced. 

Medium and high speed engines may be constructed in either in-line or Vee 
configuration, and many manufacturers supply all but the largest-bore models in either 
form. As the name implies, Vee engines are constructed with two banks of cylinders 
arranged at an angle using a common crankcase and bedplate with considerable saving 
in size and weight. Twice as many cylinders can be accommodated in a given length, 
although the width of the engine is increased. Due to the increased power from a Vee 
engine, however, the crankshaft must be of adequate strength. A variety of methods 
have been utilised to connect two pistons to each throw of the shaft: most common is 
the side-by-side arrangement with two bottom end bearings. 

The Vee formation gives economy in the common space used for the exhaust system 
and turbochargers. Two camshafts are used, but in multi-cylinder engines starting air 
valves may only be necessary on one bank of cylinders. 


MAN—B & W L58/64 Engine Fig. 1.8 shows an engine of this type. With a 
cylinder bore of 580 mm and 640 mm stroke, operating at 400 rpm, this is one of the 
larger medium speed four-stroke engines and the largest of a series of three of the same 
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design by the same manufacturers. All are in-line construction with between six and 
nine cylinders. They operate well on heavy fuels and are designed for ease in 
maintenance with extended periods between overhauls. 
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The engine has a stiff cast iron, monoblock frame as its main strength member. The 
solid forged crankshaft is underslung with its main bearings supported by long tie bolts 
extending to the top of the frame. They are also braced on each side by horizontal side 
bolts. Balance weights are fitted to each web of the crankshaft. 

Each cylinder liner is supported by a jacket ring which lands on the engine frame and 
directs intensive circulation of cooling water to the top part of the liner. Cylinder 
covers are in nodular iron and are water-cooled; a strong deck plate gives vertical 
support to a thin flame plate for good conductivity of heat. It contains air and exhaust 
ducts together with all necessary valve connections. Cover tie bolts pass through the 
jacket ring and are secured under the diaphragm plate in the main frame. All tie bolts 
are hydraulically tightened to pre-stress the main parts. 

A composite piston has a forged steel crown with an aluminium alloy skirt in which 
the undrilled gudgeon pin is secured. Pistons are oil cooled by the shaker method, oil 
passing from the crown through bore holes to cool behind the ring grooves. Three 
compression rings are fitted in induction hardened grooves. The top ring is plasma 
coated, the others being chrome plated. A single oil control ring is fitted at the top of 
the skirt. 

The connecting rod is jointed near the top end, allowing the piston to be removed 
without disturbing the bottom end bearing. Each cover has two exhaust valves, fitted in 
water cooled cages. They have Stellite faces and vanes on their spindles cause them to 
be rotated by the gas stream. Two air inlet valves are fitted in uncooled cages; they are 
rotated by Rotocaps. 

A single, central fuel injector is water-cooled and can be pre-heated before starting 
on heavy fuel. The cam-driven, helix-controlled fuel pump has its control edge profiled 
to cause uniform firing pressure at all loads. A rocking lever at the pump follower 
allows manual adjustment for variable ignition timing. 

Constant pressure turbocharging is used with uncooled, high efficiency turbo- 
chargers supplying adequate charge air over the full range of load. Ample exhaust 
energy is also available for waste heat recovery. 


SULZER ZA 40S Engine This engine, shown in Fig. 1.9, has a cylinder bore of 
400 mm, a stroke of 560 mm, and normal speed of 510 rpm. The suffix S denotes it as a 
longer stroke development of the earlier ZA 40 engine with which some parts are 
identical, although the connecting rod is shorter to maintain the same engine height. 
The longer stroke gives improved fuel economy with slightly reduced speed and allows 
the use of lower grade fuels. 

It is produced in many cylinder numbers, ranging from six to nine for in-line, and 
twelve to eighteen for Vee form engines. 

The main engine frame is a single piece, grey iron casting of rigid construction. It has 
underslung main bearings, secured by tie bolts in both vertical and horizontal 
directions. The main bearings are thin-wall, steel-backed, aluminium-tin, trimetal 
type. They support the single forged crankshaft which is fully balanced and has large 
bearing surfaces. 

The cylinder liner has a deep top flange for strength, bore coded and landed on the 
engine frame. Its lower end is uncooled. Controlled lubrication is injected near mid- 
length of the liner. A cylinder cover of special cast iron is water-cooled, its lower 
landing having bore cooling holes drilled. Air and exhaust passages pass through the 
cover. There are two exhaust and two air inlet valves per unit. No valve cages are used, 
the valve seats being pressed directly into the cover. The seats are bore cooled. Exhaust 
valves are of Nimonic alloy with Rotocaps fitted. 
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1.9 Sulzer ZA 40 S engine 


ENGINE TYPES 


The composite piston has a steel crown with a grey cast iron skirt. Three 
compression rings are fitted in chromium-plated grooves in the piston crown, all rings 
being barrel faced and chrome-plated. One oil control ring is fitted near the bottom of 
the skirt. 

The piston is oil-cooled, using the shaker action, with bore holes which give efficient 
cooling while maintaining stiffness of the crown and ring grooves. Oil is taken from the 
top end bearing. 

A special feature of this engine is its rotating pistons. Each one is slowly rotated by 
the action of small hardened pawls which engage a toothed ratchet ring as they are 
moved through the swing of the connecting rod in which they are spring loaded. The 
rotation ensures an even temperature around the piston crown, allowing reduced 
piston and skirt clearance and improved lubrication of piston rings and liner. 

To allow for piston rotation, the top end bearing is spherical. A steel sphere on the 
connecting rod works in a bronze bearing. This has greater surface area contact and 
therefore a lower bearing pressure than a gudgeon pin. 

The connecting rod is bolted to a palm at the bottom end bearing, allowing it to be 
disconnected during piston overhaul without removal of the bearing. Steel-backed, 
aluminium-tin thin-wall bearings are fitted in the bottom ends. 

Fuel pumps are of the helix type. The plunger is shaped to give variable ignition 
timing to maintain maximum combustion pressure at all loads. Pumps can circulate 
hot fuel oil. 

The turbocharging system uses a single-pipe exhaust with pulse converters giving a 
combination of pulse and constant pressure. A bypass is fitted which is open at part 
load, allowing some charge air to mix with the gas stream and ensuring good matching 
of the turbocharger, without surge. In systems not fitted with variable ignition timing, a 
waste gate is fitted to the air receiver to blow off excess air when operating above 85% 
of full power. Two-stage fresh water circulated charge air coolers allow pre-heating of 
charge air at low power. High efficiency of turbochargers will allow use of some 
exhaust energy for power take-off or waste heat recovery. 


SEMT PIELSTICK PC 2—6 Engine Fig. 1.10 shows a Vee version of this. It is 
one of the wide range of medium speed engines produced by this company for marine 
and land applications and available as in-line or Vee configurations. 

The cylinder bore is 400mm, with a stroke of 460mm, and speed of 520 rpm. A 
longer stroke 2—6 B version has stroke increased to 500mm, giving greater fuel 
economy and higher power at the same rpm. Cylinder numbers are from six to nine for 
in-line and from ten to eighteen for Vee versions. 

The main engine frame is fabricated from steel plates and castings. This contains the 
crankcase which is completed by a steel-bottom oil pan. It also supports the cylinders 
and jackets. The cylinder liners are of alloy cast iron, bore-cooled in their upper 
section. Cylinder covers are of cast iron with water cooling. They are secured to the 
frame bossing by tie bolts which also locate the jackets. Exhaust and air passages pass 
within the cover with two air inlet valves and two exhaust valves with Rotocaps fitted in 
water cooled valve cages. 

The composite piston has a crown of alloy steel with three compression rings in 
grooves; one further compression and two spring loaded oil control rings are fitted near 
the top of the aluminium alloy skirt. The piston is oil cooled by the shaker method, with 
oil taken via the floating gudgeon pin. The connecting rod has a thin shell bottom end 
bearing with serrated butts angled at 40°. In Vee engines, pairs of connecting rods from 
the same Vee have bottom ends fitted side by side on the same crankpin. 
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1.10 SEMT Pielstick PC 2—6 Vee engine 


The crankshaft is solid forged in chrome—molybdenum alloy steel by the continuous 
grain process. Thin shell main bearings of copper-lead overlaid with a tin alloy are 
underslung from division plates in the frame and are secured by vertical and horizontal 
bolts. 

A cam-operated, helix-controlled fuel pump supplies a central fuel injector. The 
injection pressure exceeds 1000 bar, ensuring rapid combustion of heavy fuels. 
Injectors are water cooled from a separate system. The gear driven camshafts are fitted 
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with both ahead and astern timed cams. Reversing is carried out by servomotors 
which move each camshaft axially. Only one bank of cylinders is fitted with air start 
valves. 

The turbocharge system uses modular pulse converters to achieve a compromise 
between a pulse and a constant pressure system. By-pass and wastegate valves prevent 
surge and limit maximum pressure. 


WARTSILA VASA 46 Engine Fig. 1.11 shows a Wärtsilä R 46 engine. It is a 
medium speed, four-stroke, trunk piston engine which has been specifically designed to 
operate efficiently on low grade oil fuels. This is accomplished by the use of twin 
injection of fuel, together with changes in the operating systems. 

The engine has a cylinder bore of 460 mm, a stroke of 580 mm, and designed speeds 
of 450, 500 or 514 rpm. It is available with between four and nine cylinders in-line or 
with between twelve and sixteen cylinders in Vee form. 

The main structural strength member is the engine block. Manufactured in nodular 
iron from a single casting, this contains the transverse frames, cylinder jackets, 
camshaft housing and most of the crankcase. A light welded steel oil sump is attached 
below. Main bearing caps, which support the underslung crankshaft, are clamped by 
hydraulically tensioned bolts, two from below and two horizontally. Cylinder liners 
are of alloy grey cast iron and each has a deep, thick collar at its upper end which lands 
on top of the engine block. The collar gives added strength and is bore cooled, passing 
water from the jacket to the cylinder head.-The cylinder head of cast iron is a rigid, 
symmetrical box-like form with an intermediate deck giving intensive water cooling of 
valve seats and injectors. Air inlet and exhaust gas ducts pass through the head. There 
are two inlet and two exhaust valves per unit, fitted directly to the head. All valves have 
Rotocaps fitted, are Stellite-faced and land on hardened steel seats. Two fuel valves are 
fitted. The main injector is positioned in a central pocket with its fuel supply passing 
through a bore in the head. A pilot injector is placed in a pocket at the front of the head, 
angled down at 45°. The cylinder head is secured to the engine block by four long studs. 

The composite piston has a steel crown with two compression and one oil control 
rings, the top ring grooves having hardened surfaces. There is a skirt of nodular cast 
iron in which the gudgeon pin is fitted. Oil cooling for the piston is taken from the top 
end bearing, a honeycombed surface giving efficient cooling with high rigidity in the 
crown. Some oil from the piston passes to a groove at the top of the skirt for cylinder 
lubrication. 

Connecting rods are in three pieces allowing the rod to be separated from the bottom 
end bearing so that piston or bearing may be overhauled independently. The 
crankshaft is solid forged and has balance weights fitted on each web. All bearings are 
designed for large areas with low pressures to allow use of softer bearing metals. Steel 
backed copper-lead bearings have a nickel barrier layer with an overlay of 
tin-antimony which prevents corrosion of the thick copper-lead pad. 

As stated earlier, the fuel system uses twin (or pilot) injection (see page 90). This gives 
easy Starting and smooth, efficient combustion of low quality fuel over the full range of 
engine power. 

Each cam-driven fuel pump has helix-control and is designed to supply the pilot 
charge at lower pressure and earlier than the corresponding main charge. The quantity 
of pilot charge is limited by its discharge chamber capacity. 

The ‘SwirlEx’ turbocharge system has double skin exhaust connections to the 
turbocharger, and swirls the gas mechanically to give a combination of pulse and 
constant pressure charging. 


17 


ENGINE TYPES 


1.11 Wärtsilä Vasa R 46 engine 


To improve operation on low quality fuels further a high compression ratio is used. 
A central water cooling system with two-phase charge air coolers allows charge air 
temperature to be raised when operating at low power. Independent circulating pumps 
and a preheater ensure the engine is raised to working temperatures before slow 
turning, prior to starting. 
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CHAPTER 2 


Cycles and Timing 


ENGINE CYCLES 


The term ‘cycle’ refers to one complete sequence of operations required to produce 
power in an engine. This cycle of operations is continuously repeated while the engine 
is running. For a diesel engine it consists of four operations within the cylinder: 


1. Compression of a charge of air 

2. Injection of fuel which then ignites 

3. Expansion of the hot gases formed during combustion 
4. Expulsion of the used gas to exhaust. 


The cylinder is then recharged with air and the cycle is repeated. 

Diesel engines can be designed to complete this cycle once during each revolution 
and this is termed the two-stroke cycle, or alternatively to take two engine revolutions 
to complete—the four-stroke cycle. An engine can only operate on the cycle for which it 
was designed. 


Engine stroke is measured as the full distance through which the piston moves between 
each end of its travel. It can be seen that it must move through two complete strokes 
(one up and one down) during each revolution of the engine. 

Engine timing refers to the relative time or position of the crank, at which each 
operation during the cycle is commenced and is completed. It is measured as the angle 
through which the crank has been rotated from a datum position such as top or bottom 
centre. 


Two-stroke cycle Practically all large, slow-speed, direct drive marine diesel engines 
operate on the two-stroke cycle (Fig. 2.1). As its name implies a two-stroke cycle takes 
place in two consecutive strokes of the engine piston, or one revolution of the 
crankshaft. Thus each operation in the cycle is repeated during every revolution of the 
engine. The two strokes of the cycle may be termed: Compression stroke and Power or 
expansion stroke. Operations take place in a fixed order and must occur when the 
piston reaches a corresponding position in its stroke. These positions are shown as 
volumes on an indicator diagram which relates them with pressure within the cylinder. 
It is convenient to express them in terms of angles of crank position measured from top 
dead centre (TDC) or bottom dead centre (BDC) and they may be shown asa circle on 
a timing diagram. (Numbers have been added for reference.) 

Actual timing may differ between engines due to construction and design differences 
such as: ratio of connecting rod length/crank length, stroke/bore ratio, engine speed, 
engine rating etc. 


1-2 Completion of scavenge. Air is entering the cylinder, expelling exhaust gas 
and recharging it for the next combustion. Scavenge and exhaust are open. 
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2.1 Two-stroke cycle and timing diagrams 


2-3 Post-scavenge. Scavenge ports have closed and some air within the cylinder 
may leak to exhaust. In some engines 2 and 3 are made to coincide to 
eliminate leakage of air. 

3-4 Compression. Exhaust has now closed and the air trapped within the 
cylinder is compressed by the upstroke of the piston to raise its temperature 
sufficiently to ignite the fuel. 

4-5-6 Fuel injection takes place and combustion occurs causing a rapid rise in 
pressure. The period for which this continues depends upon the fuel pump 
setting and power to be produced. 


6-7 Expansion. Combustion completed, the hot gases expand forcing the piston 
downwards and converting the heat energy from combustion into work on 
the piston. 

7-8 Exhaust blowdown. Exhaust has opened allowing gas to pass to exhaust 
manifold, and pressure drops rapidly in cylinder. 

8-1 Scavenge. Scavenge ports have opened and air enters to expel the remaining 
exhaust gas. 

l-ete. Scavenging then continues for the next cycle. 


Position 1 represents bottom of stroke (BDC). Position 5 represents top of 
stroke (TDC). 


Four-stroke cycle The majority of medium and high speed diesel engines for main or 
auxiliary drive operate on the four-stroke cycle, which takes place during four 
consecutive strokes, or two complete revolutions, of the engine. The four strokes may 
be termed: Compression stroke, Power or expansion stroke, Exhaust stroke, and 
Aspirating or air induction stroke (Fig. 2.2). Numbering the operations in sequence on 
the timing diagram: 


1-2 Completion of aspiration. 
2-3 Compression. Air inlet valve has closed, air in cylinder is now compressed to 
raise its temperature for combustion of fuel. 
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2.2 Four-struke cycle and timing diagrams 


3-4-5 Fuel injection. Combustion takes place with corresponding rise in pressure. 
Period controlled by fuel pump setting. 

5-6 Expansion. Combustion completed, gas pressure does work on piston 
during downward stroke. 

6-7-8 Exhaust. Exhaust valve opened, piston expels exhaust gas on upward stroke. 

8-9-10 Overlap. Air inlet valve opened while exhaust remains open. The length of 
this is increased in supercharged or high speed engines. 


10-1 Aspiration. Exhaust valve closed, piston draws air into cylinder during 
downward stroke. 
l-etc. Aspiration continues for next cycle. 


4 and 9 are TDC positions. | and 7 are BDC positions. 


INDICATOR DIAGRAMS 


An indicator diagram is a pressure/volume graph taken from the pressures in the 
cylinder of a working engine. It is plotted as a continuous line showing all pressure 
changes during one complete engine cycle. Indicator diagrams can be of great 
assistance to students in understanding the operation of an engine. Examination 
candidates are required to be familiar with the information which may be obtained 
from the shape and dimensions of the diagram. 

In many modern engines sophisticated measuring devices may be fitted to record 
cylinder pressures as an oscilloscope trace or printout. Usually these are not complete 
(closed) indicator diagrams and they are described later in this chapter. For some slow- 
speed engines it is possible to obtain indicator diagrams from each cylinder by using an 
engine indicator. 
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2.3 Engine indicator 


ENGINE INDICATOR Briefly, this consists of a spring loaded piston on which 
the spring is compressed in proportion to the cylinder pressure acting on it (Fig. 2.3). 
The piston moves a pen attached to an arm through a parallel link mechanism. A card 
with a sensitised surface is wrapped around the indicator drum. The indicator cock for 
the chosen cylinder is first blown through to clear it of carbon and the indicator is then 
connected to it. The cord on the indicator drum is attached to some form of engine 
stroke synchronising mechanism from the crosshead or a cam. The cock is now opened 
and the indicator pen is held against the card, tracing a diagram for one cycle of the 
engine. Pressure is recorded to a vertical scale according to the stiffness of the indicator 
compression spring. Corresponding cylinder swept volume is recorded on a horizontal 
scale due to rotation of the drum by its cord. By turning the indicator cock to a vent 
position, a horizontal line representing atmospheric pressure is added to the diagram. 
This can act as a pressure datum line. 

Four types of indicator diagram can be obtained. These are illustrated for a two- 
stroke engine. Power card is taken with the indicator drum rotation in phase with 
piston movement (Fig. 2.4). The area within this diagram represents the work done 
during the cycle to scale. This may be used to calculate the power produced or the mean 
indicated pressure (MIP) for the cylinder. Irregularities in the shape of the diagram will 
show operational faults. Maximum or peak pressure may be measured to scale between 
the atmospheric line and the highest point on the diagram. Power cards for two- and 
four-stroke cycles are shown in Figs. 2.1 and 2.2, drawn vertically to relate to the 
corresponding timing diagrams. It can be seen that in the four-stroke cycle, pressure 
changes are so low during the last two strokes that these appear as straight lines. 

Compression diagram (Fig. 2.5) is taken in a similar manner to the power card but 
with the fuel shut off from the cylinder. The height of this curve shows maximum 
compression pressure. If compression and expansion lines coincide, it shows that the 
indicator is correctly synchronised with the engine. Reduction in height of this diagram 
shows low compression which may be due to a worn cylinder liner, faulty piston rings, 
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2.5 Compression diagram 


insufficient scavenge air or leaky exhaust valve, any of which will cause poor 
combustion. 

Draw card or out of phase diagram (Fig. 2.6) is taken in a similar manner to the power 
card, with fuel pump engaged but with the indicator drum 90° out of phase with piston 
stroke. This illustrates more clearly the pressure changes during fuel combustion. Fuel 
timing or injector faults may be detected from its shape. 

Light or Weak spring diagram (Fig. 2.7) is again similar to the power card and in 
phase with the engine, but taken with a light compression spring fitted to the indicator 
showing pressure changes during exhaust and scavenge to an enlarged scale. It can be 
used to detect faults in these operations. 
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Compression 
pressure 


Atmospheric line 


2.6 Out of phase diagram 
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2.7 Light spring diagram 


IRREGULARITIES IN DIAGRAMS 


Some irregularities in the shape of an indicator diagram illustrate incorrect engine 
operation. If the same fault appears on diagrams from all cylinders, the cause must be a 
general one such as fuel condition or supply, turbocharger system, exhaust, engine 
cooling or even incorrect camshaft timing. Indicator diagrams affected by some of the 
more common faults are illustrated. 


FUEL IGNITION TIMING Provided the fuel and engine temperatures are 
correct and the injector is operating normally, the time between injection of fuel and 
ignition (the ignition lag) is almost constant. Consequently ignition timing faults 
signify a corresponding timing fault in the injection. They will affect the shape of the 
power diagram, but are far more easily detected on an out of phase diagram. 


EARLY IGNITION This will cause an abnormally high peak pressure in the 
cylinder at about the top of the piston stroke (Fig. 2.8). A heavy shock load will be 
transmitted to the running gear and bearings with a corresponding knocking sound. 
Although thermal efficiency is high and exhaust temperature reduced, the shock load 
and consequent vibrations may cause damage. 

Causes of early ignition may be incorrect fuel pump timing, broken or wrongly set 
injector springs, incorrect fuel condition, or overheating of parts within the cylinder. 


2.8 Diagram showing early ignition 
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2.9 Diagram showing late ignition 


LATEIGNITION Itcan be seen from Fig. 2.9 that this causes a low peak pressure 
which occurs well after top centre of the piston. Power is lost since the fuel is not burned 
correctly to transmit power at the most effective part of the stroke. Combustion may 
continue during the expansion stroke (see Afterburning) and may be incomplete, 
giving loss in energy produced, high exhaust temperature and smoke. 

Late ignition may be due to excessive injector spring setting, poor atomisation, high 
viscosity or poor quality fuel, fuel pump leaking or incorrectly timed, low compression, 
insufficient supply of combustion air, or undercooling of parts within the cylinder. 


AFTERBURNING This refers to slow or late combustion of fuel during the 
expansion stroke of the piston and is shown by a rise in the expansion line during the 
latter part of the stroke (Fig. 2.10). Exhaust temperature and pressure will be high, with 
burning fuel and carbon passing to exhaust. This may burn exhaust valves and foul the 
exhaust system, with risk of turbocharger surging or uptake fires. High temperatures 
within the cylinder cause a deterioration in lubrication and possible damage to liner 
surface and piston rings. There may also be burning of the piston crown. 


2.10 Diagram showing afterburning 2.11 Diagram showing a leaking injector 


A LEAKING FUEL INJECTOR can be detected by a loss in power in the 
affected cylinder together with smoke at exhaust and high exhaust temperature. There 
may also be a knock or pressure wave in the injection system. An indicator diagram 
taken from this cylinder will show fluctuations of pressure during the expansion 
process due to secondary burning of fuel leaking from the valve (Fig. 2.11). A higher 
expansion line at the exhaust opening indicates afterburning. 
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Loss in power will be due to incorrect combustion since the fuel pressure wave from 
the fuel pump must refill the space left by fuel leaked from the injector; this may also 
cause the knock. Hot gas from the cylinder may blow back into the injector tip, 
forming carbon and choking the atomiser. Carbon may also form on the outside of the 
atomiser due to burning of the dribble of fuel. 

The injector should be changed and tested. To reduce the possibility of leaking 
injectors, good maintenance of fuel pumps and injectors should be carried out with 
routine changing of the injectors. Fuel must be purified and filtered and must be 
supplied at the correct temperature. Fuel injectors must also be maintained at the 
correct temperature. 


PARTLY CHOKED FUEL VALVE may be due to contamination of the fuelin 
which debris may choke the small atomiser holes in the injector. Alternatively it may be 
caused by a leaky injector allowing hot gas to blow back into the injector causing 
carbon to form and choke the injector. Overheating of injector nozzle may also cause 
buildup of carbon. There will be a loss in engine power. There will probably be 
hammering in the fuel pipes between fuel pump and injector and this may lead to 
rupture of fuel pipe. A choked valve can be confirmed by indicator diagram power and 
draw cards (Fig. 2.12), and reduced exhaust temperature. 

The remedy is to change the fuel injector, clean the fuel system and ensure correct 
centrifuging and filtering of fuel, and maintain correct fuel valve temperature. 


2.12 Diagram showing a choked injector 2.13 Diagram showing low compression 


LOW COMPRESSION is shown by the low pressures on a compression diagram 
(Fig. 2.13). It is probable that first evidence was from faulty combustion. Low 
pressures may be due to a lack of air being supplied (turbocharger faults, choked 
scavenge ports or inlet valve, etc); or that air is escaping past the piston during 
compression, which can be due to worn or broken piston rings, worn cylinder liner, etc, 
but blowpast is then usually detected during the expansion stroke. 


Blowpast is a term used when combustion gases at high temperature leak past the 
piston between the piston rings and cylinder liner. This will cause rapid local 
overheating, removing the lubricating oil film and causing further damage to the 
surfaces and possible piston seizure. Burning gas will enter scavenge spaces in two- 
stroke engines causing fouling, overheating and even scavenge fires. In four-stroke, 
trunk piston engines these gases will enter the crankcase with severe risk of a crankcase 
explosion. 

Blowpast may be caused by excessive cylinder liner wear; lack of cylinder 
lubrication; worn, broken, stuck or poorly maintained piston rings; worn piston ring 
groove landings allowing rings to cant and jam; carbon jamming rings in grooves. It 
will be aggravated if the engine is overloaded. 
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The remedy is to gauge cylinder liner and renew if necessary; overhaul piston; clean 
ring grooves and gauge them; machine or fit new groove inserts as necessary, and renew 
piston rings with correct clearances. Maintain cylinder lubrication and avoid overload. 


EXHAUST VALVE OPENING ona slow running engine can be checked by 
means of a light spring indicator diagram. This will not give an accurate timing check, 
but by comparison with a normal diagram or one taken during original engine trials, it 
may be seen if valve opening is early or late (Fig. 2.14). 


Early opening of exhaust valve will cause a loss in power since pressure is released too 
soon. It will give a high exhaust temperature with risk of overheating and 
contamination. Late opening will reduce the scavenge efficiency by reducing blow- 
down. It will also affect the supply of energy to the turbocharger. 


Early 
opening 
Normal 


Late 
Opening 


Normal 


Atmospheric line Atmospheric line 
2.14 Light spring diagram showing 2.15 Light spring diagram 
early or late exhaust valve opening showing choked exhaust 


CHOKED EXHAUST The pressure during valve opening does not fall as rapidly 
or as far as it should (Fig. 2.15) and prevents correct blowdown and recharge of the 
cylinder with air, It causes loss in power, high exhaust temperature, smoke and possible 
surge in the turbocharger, and is the result of contamination due to incorrect 
combustion or excessive cylinder lubricating oil. 


POWER BALANCING OF ENGINES 


For economy and efficient running of an engine equal power should be produced from 
each cylinder. This is then said to be ‘power balanced’ and it may be necessary to make 
some minor adjustments to achieve this. 

Power produced is related to the quantity of fuel injected and balancing is carried out 
by small adjustments to individual fuel pump controls. Adjustments are limited to 
ensure units are not overloaded, exhaust temperatures are not excessive, and that 
pump controls still cut off when brought to stop. Fuel pump rack positions and exhaust 
and cooling return temperatues from each cylinder should be noted. Equal exhaust 
temperatures on their own do not necessarily show an accurate balance, particularly in 
turbocharged engines. Figures do, however, tend to give some indication of balance 
when they follow a pattern similar to that recorded at test bed trials. 

Power balancing can be checked by measurement from indicator diagrams by 
calculating the area or mean height from each cylinder. 
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For medium and high speed engines it may be impractical to use a normal engine 
indicator due to the high velocities of parts causing vibrations in springs or drive 
mechanisms. If other means are not available, power in the engine may be related to 
peak or maximum pressure in the cylinder. Some manufacturers recommend that the 
‘ignition jump’ (the difference between peak pressure and maximum compression 
pressure for each cylinder) may be used to check power balance. A number of 
assumptions have to be made regarding the operating efficiency of the engine. In order 
that these can be justified, it is particularly important that regular and correct 
maintenance is carried out on the engine and that any deviation from normal running 
is noted, investigated and corrected at the earliest opportunity. 

Fuel injection equipment is particularly important and fuel pump settings, 
clearances and timings must be checked and maintained during periods when the 
engine is out of service. Fuel injectors must be changed regularly, cleaned and tested to 
ensure trouble-free operation. The injector is the most likely part of the system to be 
subject to faults in service. A fault in one injector will cause loss in power in the affected 
cylinder, but may also mean that other cylinders are subjected to overloading as the 
engine governor attempts to maintain normal total power or speed. 

If an engine operates in an unbalanced condition, some bearings and running gear 
may become overloaded; this may cause overheating and bearing failure. Overload in 
cylinders may cause piston blowpast, with the corresponding dangers of overheated or 
seized pistons. Unbalance will also set up vibrations which, if maintained for 
prolonged periods, will cause fatigue from the fluctuating stresses induced. This may in 
turn lead to fatigue cracking of metal in bearings, fracture of bearing studs or bolts, 
cracks in crankshaft and bedplate, and slackening or failure of holding-down bolts. A 
watchkeeper may ascertain that running conditions are normal by observation of the 
relevant temperatures and pressures, particularly exhaust and cooling return tempera- 
tures, lubricating oil and turbocharge pressures. The exhaust should be clear of smoke 
and there should be no unusual noise or vibration. 


PEAK PRESSURE INDICATOR 


This instrument will measure and record the maximum pressure within the cylinder. It 
does not identify the position within the cycle at which this occurs. The one shown in 
Fig. 2.16 is similar in principle to the engine indicator but uses a beam type spring 
which is less susceptible to vibration. The indicator is attached to the indicator cock: 
when the cock is opened, pressure raises the indicator piston which records maximum 
beam deflection on a dial pressure scale. If fuel is shut off from that cylinder, the 
maximum compression pressure can be recorded and the ignition jump calculated. 


COMBUSTION MONITORING 


Modern measuring instruments and recording equipment make it possible to monitor 
all necessary pressures, speeds, temperatures and even wear rates within an engine. 

By connecting a pressure sensing transducer to the indicator cock it is possible to 
record pressure in the cylinder continuously. Pressures can be plotted on an 
oscilloscope trace to a horizontal scale of time or corresponding crank angle (Fig. 
2.17). A printout of this diagram appears comparable to an accurate, constant base 
scale out-of-phase diagram. Other important points such as top centre position, point 
of fuel injection, etc can be superimposed. Peak and compression pressures can be seen 
and equated for power or balance. 
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2.17 Combustion monitoring diagram 


Combustion monitoring may be used to maintain efficient conditions when fuel of 
different quality is used. Model diagrams should be made for the engine during shop 
testing and initial trials in the ship; these can then be compared to subsequent working 


traces. 
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CHAPTER 3 
Gas Exchange Processes 


SCAVENGING 


In an internal combustion engine this is the removal of exhaust gas from the cylinder 
after combustion and its replenishment with air for subsequent combustion. Efficient 
scavenging is necessary for good combustion and it is required for the very first 
working cycle of the engine. The passage of scavenge air will also assist cooling of the 
cylinder, piston and valves. 


SCAVENGE OF FOUR-STROKE ENGINES is carried out mainly by the 
pumping action of the piston during two of its strokes. The piston expels exhaust gas 
on its upward stroke and draws in air on the subsequent down stroke. The scavenge 
diagram (Fig. 3.1) shows that there is a period of overlap during which exhaust and 
inlet valves are both open together. Provided the turbocharger supplies air at a pressure 
greater than that in the exhaust manifold, a flow of cooling air will pass through the 
cylinder during this period. 

Scavenge is positive and very efficient, even in very high speed four-stroke engines. 


Exhaust Overlap Aspiration 


3.1 Scavenge process in a four-stroke engine 


SCAVENGE OF TWO-STROKE ENGINES Two-strokes rely on a charge of 
scavenge air under pressure sweeping through the cylinder and expelling the exhaust 
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gas in front of it. This process must take place while both scavenge and exhaust 
connections are open and the piston is near the bottom of the cylinder. Even in slow 
running engines this allows only a very short period of time for scavenge to be 
completed. Some mixing of air and gas will occur, but this must be kept to a minimum 
and scavenging can be improved by supplying a volume of air in excess of the cylinder 
volume, the excess passing to the exhaust system. Scavenge air in a two-stroke engine 
must be supplied to the cylinder at a higher pressure than that in the exhaust manifold; 
in modern engines this is provided from exhaust gas driven turbochargers, the air being 
cooled to increase its density and cooling capacity. 

Earlier two-stroke engines used a variety of methods to supply scavenge air. These 
included the use of reciprocating pumps, rotary blowers and compression from the 
underside of the piston on its downward stroke. All these added to maintenance work, 
absorbed part of the power produced by the engine and were only able to supply 
limited quantities of excess air. 

In large, slow-running engines the air enters the cylinders through a circumferential 
row of scavenge ports cut in the liner and uncovered by the piston as it moves towards 
the bottom of its stroke. They are closed at a symmetrical timing on the following 
upstroke. The exhaust valve must open before ports are uncovered to allow a period of 
blowdown. 


Blowdown is the release of gas pressure at the end of expansion as the exhaust valve 
opens. Gas passes to the manifold carrying its remaining energy to the turbocharger. 
Cylinder pressure drops rapidly to a value below that in the scavenge trunk, allowing a 
fresh charge of air to enter. 

There are three basic methods of scavenging within the cylinder (Fig. 3.2). 


(a) Loop scavenge in which air passes over the piston crown and rises to form a loop 
within the cylinder, expelling gas through exhaust ports cut in the same side of the liner 
above the scavenge ports. 


(b) Cross scavenge where air is directed upwards, passing under the cylinder cover 
and down the opposite side, expelling gas through exhaust ports on that side. 


(c) Uniflow or through scavenge in which air passes straight up through the length of 
the cylinder, forcing the exhaust through ports or valves at the top of the cylinder. 


In all these the swirl or direction of the air is assisted by the port edges being angled in 
one or two places and by the shape of the piston crown. In cases (a) and (b) a piston 
skirt or exhaust timing valve will be necessary to prevent scavenge air leaking to 
exhaust while the piston is at the top of its stroke. Case (c) tends to give the highest 
scavenge efficiency with the least mixing of air and gas. It may also be used with greater 
stroke/bore ratio and in opposed piston engines. It avoids the difficulty of high 
temperature gradient between adjacent scavenge and exhaust ports in (a), or the 
temperature difference on opposite sides of piston and rings in (b). 

Uniflow or through scavenge with a large centrally positioned exhaust valve is used 
in most modern, slow-speed, large engines. It allows design of efficient long-stroke 
engines and is less susceptible to damage from the products of combustion from low 
quality heavy fuels. Absence of exhaust ports allows the liner to be of simpler 
construction, long piston skirts are not necessary and cylinder lubrication is 
satisfactory and economical. The swirl imparted by the port edges causes the air to 
rotate as it rises through the cylinder. 
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(a) (b) (c) 
Loop Cross Uniflow 


3.2 Scavenging methods in two-stroke engines 


The scavenge air trunk forms part of the engine structure and must be of sufficient 
size and shape to supply even quantities of air at constant pressure to all cylinders. It 
must be maintained in a clean condition and be regularly inspected. Pressure relief 
valves are fitted for safety. 


PRESSURE CHARGING 


Here the charge of air in the cylinder before compression commences is above 
atmospheric pressure. Pressure charging (sometimes called supercharging) forces a 
greater mass of air into the cylinder for combustion and consequently a greater 
quantity of fuel can be burnt efficiently. Power output is increased giving a higher 
thermal efficiency with no increase in size of the engine. Pressure charged engines must 
be designed to operate safely under the high loads and temperatures which may be 
caused. 

In most modern engines high air pressures are supplied by means of exhaust gas 
driven turbochargers and consequently the general term turbocharged engine is used 
for both two- and four-stroke engines. 


TURBOCHARGE SYSTEMS 


Most modern engines are turbocharged to increase the power output and efficiency 
with only a relatively moderate increase in size, weight and initial cost. The efficiency of 
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3.3 Turbocharge system 


the system is increased by fitting a charge air cooler after the compressor (Fig. 3.3). This 
will cool the air at constant pressure, increasing its density before supplying it for 
compression in the engine cylinders. The mass of air per cycle can now be increased and 
the quantity of fuel injected can be raised to give a corresponding increase in engine 
output and thermal efficiency. 

Exhaust gas from the cylinders operates the gas turbine, giving up some of its heat 
energy to do so. The turbine drives a directly coupled air compressor, which draws air 
from the atmosphere, compresses it and then cools it in the charge air cooler before 
supplying it to the engine through scavenge ports. 

The turbocharger is ‘free running’ and at any engine speed the exhaust gas energy 
must cause the turbine to run at a stable speed at which the compressor will supply the 
correct mass of air to the engine. It is then said to be ‘matched’ to that engine, and it 
must remain matched over the full main operating power range. When an engine has 
two or more turbochargers operating in parallel they must all be matched. Matched 
systems may become unstable and surge if fouling or damage occurs. 

A turbocharge system may be designed to operate on either the pulse or the constant 
pressure exhaust system. 


PULSE SYSTEM The main energy to power the turbine in this system is derived 
from the pulse or impulse energy in the pressure wave formed during blowdown from 
each cylinder. These waves travel through the manifold to the turbine nozzles where 
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they are converted to kinetic energy at high velocity to rotate the turbine blades. This 
system gives a rapid buildup of turbine speed when an engine is started or 
manoeuvring. 

To maintain the pulses, exhaust connections are of limited diameter, no sharp bends 
are used and the turbocharger is fitted close to the engine. The peak pressure in pulse 
waves may be higher than the pressure in other cylinders whose exhaust valves are also 
open. To prevent a back-flow into these, it is necessary in multi-cylinder engines to sub- 
divide the exhaust between a number of manifolds, each connected to a separate nozzle 
box at the turbine. Up to three cylinders can use each manifold without interference 
depending on their firing order. A divided exhaust system reduces turbine efficiency 
and may require more than one turbocharger per engine. The use of pulse converters in 
modern engines allows individual cylinders to exhaust to a common manifold, giving 
higher turbine efficiency and a more compact system which allows rapid acceleration 
when manoeuvring. 


CONSTANT PRESSURE SYSTEM Here all cylinders exhaust into a common 
receiver large enough to convert pulses to a steady pressure. This system has one 
connection to the turbine which, due to the common nozzle ring and steady pressure 
conditions, can be designed to operate at a high thermal efficiency. High efficiency 
turbochargers can operate effectively down to about 25% of full engine power. 

This system is slower in its buildup of pressure when starting, and insufficient air is 
available for two-stroke engines during manoeuvring or operating at low speed and 
low power. To overcome this difficulty modern engines have electric driven centrifugal 
compressors fitted to augment the air pressure in the scavenge trunk when necessary. 
These are driven by constant speed, low power motors controlled to start automati- 
cally if scavenge pressure drops. They draw additional air through the main 
turbocharger air intake and charge air cooler discharging it through non-return valves 
to the engine scavenge trunk. 


TURBOCHARGERS 


Fig. 3.4 shows a section of a turbocharger as fitted to large bore engines. It consists of a 
single stage, axial flow exhaust gas driven turbine mounted on a common shaft with a 
centrifugal air compressor. The turbine has a nozzle ring followed by a rotating disc 
with a single row of turbine blades. These blades are attached to the disc by fir-tree 
shaped roots and they have free room to expand when heated. Binding wires are fitted 
to the blades to reduce vibrations. Blades and nozzles are manufactured of heat 
resisting steel or nickel alloy. The turbine casing is in two parts, both of cast iron with 
adequate water cooling spaces. There are inspection and cleaning covers to these 
spaces which are circulated with fresh water from the engine cooling system. A drain 
valve is fitted in the exhaust gas space. 

The air compressor consists of a radial flow impeller disc together with an inducer, 
both of aluminium alloy. The impeller discharges air through a diffuser to a volute 
casing. Compressor casing, also in two parts, is of cast aluminium and is uncooled. Air 
is drawn from the engineroom atmosphere through inlet filters which may be removed 
for cleaning. Air inlets are streamlined and fitted with insulation internally to reduce 
noise. 

Turbine nozzle ring, air diffuser, impeller and inducer will be replaceable to allow 
matching between turbine and compressor, and between turbocharger and engine. 

Two labyrinth type seals are fitted to the shaft, one between thrust bearing and air 
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3.4 Water cooled turbocharger 


compressor and the other between turbine and bearing. They are sealed with air under 
pressure from the compressor discharge through internal passages and restriction 
plugs. Air from the glands then passes to the atmosphere or assists cooling of the 
turbine disc. The seals prevent possible oil leakage into the turbine or compressor, or 
exhaust gas into the corresponding bearing oil. Some air will pass down the back of the 
impeller through a labyrinth arrangement, along the turbine shaft assisting cooling, 
and leaving with the turbine exhaust gases. 

Two shaft bearings are fitted, one at each end allowing accessibility and cooling. End 
thrust is taken at the compressor bearing, allowing the turbine bearing free thermal 
expansion of the shaft. Bearings may be of either plain sleeve type with copper-lead 
bushes on hardened steel shaft sleeves, or alternatively, ball or roller type. These reduce 
friction drag but are susceptible to vibration and fatigue, both when running and also 
by vibrations from outside sources transmitted while the engine is stopped. They must 
be fitted in resilient mountings which use springs and oil damping in both axial and 
radial directions. These bearings also have a limited fatigue life and they must be 
renewed at stated intervals (say 8000 hours). 

Lubrication of the bearings may be by various means. Ball and roller bearings may 
be lubricated by selfcontained gear type pumps operated from the shaft and drawing 
oil directly from the independent bearing sump. Oil level must be maintained in these 
sumps and the oil should be renewed at stated intervals. 

Alternatively, the bearings may be lubricated by external systems, either by 
connections from the engine lubricating system, through a fine filter, or by an 
independent system of pumps, cooler, filters, oil sump and alarms. Independent 
systems allow a choice of turbine oils to be used. All lubrication systems must maintain 


adequate lubrication when tilted to an angle of 15° in any direction or a temporary tilt 
of 221°. 
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Updraught in the exhaust system may cause the turbocharger to rotate while the 
engine is out of service. Care must be taken to ensure no damage is caused to bearings 
from lack of lubrication or by vibration transmitted from other systems while the 
engine is stationary. Sleeve type bearings are less susceptible to this damage. With large 
turbochargers fitted with sleeve bearings lubricated from the main engine system, a 
gravity tank must be fitted to ensure adequate lubrication in the event of pump failure 
or stopping of engine driven pumps. 

Some models of turbochargers are designed with both rotor shaft bearings situated 
on the centre section, allowing the turbine and compressor to overhang at each end. 
This may reduce the overall size and weight and economise in the shape of air inlet and 
exhaust connections. It will require larger bearings and the oil to them must be cooled. 
Central bearings are less accessible for maintenance. 


UNCOOLED TURBOCHARGERS do not have their turbine casing water 
cooled. In general construction they are similar to those already described, but some 
changes are necessary to accommodate the higher gas temperatures. The casing is 
manufactured from cast steel and insulated to conserve heat and meet safety 
requirements for hot exposed surfaces. Fig. 3.5 shows a cross-section of an Asea Brown 
Boveri, ABB, VTR 4 uncooled turbocharger as fitted to many large two-stroke 
engines. 

The turbine bearing will require cooling: in this case it is protected by insulation and 
also has a water cooled casing which maintains acceptable oil temperatures. 

Higher working temperatures will eliminate the possibility of condensation and acid 
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3.5 Uncooled turbocharger (Asea Brown Boveri ABB VTR4) 
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corrosion within the gas casing. The final outlet gas temperature may be up to 10°C 
higher than that from cooled turbines and this is attractive for large, slow, two-stroke 
engines which produce limited exhaust temperatures. This allows more efficient use of 
a waste heat boiler and therefore adds to the total heat recovery and thermal efficiency 
of the plant. 


CLEANING OF TURBOCHARGERS Under operating conditions turbo- 
charge systems may become fouled, causing reduced efficiency, loss in power and 
maybe surging. Compressor surfaces can be contaminated by oil and dust drawn from 
the engineroom atmosphere, passing through the intake filters and adhering to 
working surfaces. This gives loss in compressor efficiency and chokes the charge air 
cooler. 

Contamination can be removed while the engine is running by water washing. A 
small spray of clean, fresh water is injected into the air stream at the compressor inlet: 
water droplets are drawn through and scour the surfaces clean. Water drains must be 
open and the quantity of water limited since some of this, together with contaminants, 
may pass into the engine cylinder. Additives to improve the cleaning effects of the water 
must not be used in trunk piston engines where it is possible for them to pass through 
the cylinder to the crankcase oil. Hydrocarbon based additives must not be used since 
there may be an explosion risk, and they may also add further combustibles to the 
cylinder which have bypassed the governor control. 

Fouling of the exhaust system and turbine is the buildup of the products from 
combustion of fuel, used cylinder oil and its additives, ash and any other noncombu- 
stibles present in the fuel. These will create hard deposits which interfere with gas flow, 
may cause local overheating, reduce turbine efficiency and even destroy balance of the 
rotor. 

Water washing may also be used to clean the gas side of the system. A small water jet 
sprayed into the gas flow, upstream of the protection grids for the turbine, will dampen 
and soften the deposits, reducing adhesion and enabling them to be blown clear by the 
gas stream. The introduction of water to very hot surfaces can cause thermal shock, so 
before water washing the turbine engine power must be reduced so that temperatures in 
the system are lowered. Water drains must be open and great care exercised since 
removal of deposits may affect the balance of the turbine rotor. 

Examination and more comprehensive cleaning of parts by physical and chemical 
means can be carried out during overhaul. 


CHARGE AIR COOLER 


In modern two-stroke turbocharged engines a charge air cooler is necessary. 
Compression will raise the air temperature and a charge air cooler is fitted to reduce the 
temperature of the air between the turbocharger and the engine inlet manifold, causing 
increased air density at lower induction temperature. The engine is maintained at safe 
working temperatures and the lower compression temperature reduces stress on piston 
rings, piston and liner. 

Increased density will raise scavenge efficiency and allow a greater mass of air to be 
compressed; more fuel may now be burned giving an increase in power. 

Fig. 3.6 shows a section of a charge air cooler. The air makes a single pass through 
the cooler and, for efficient cooling, its velocity should be low and cooling area large. 
This is obtained by making the air inlet connection divergent; the outlet is convergent 
to restore air velocity after cooling. 
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3.6 Charge air cooler 


Condensation of moisture in the compressed air will occur during cooling and a 
drain is fitted to the outlet side air casing to allow this condensate to be removed. A 
moisture eliminator may also be fitted to remove entrained water droplets from the air 
stream. The drain should be kept open and its discharge noted; this will also indicate if 
a cooling water leak has occurred. 

The cooler consists of a tube stack of aluminium brass tubes rolled and solder- 
bonded into two brass tube plates. Cast iron water boxes are attached to the tube plates 
and allow salt water circulation within the tubes to make two passes. One tube plate is 
secured to the casing while the other is free to move axially as thermal expansion 
occurs. The air seal is maintained by means of a fitted rubber joint ring. An air vent is 
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fitted to the top water box to remove air which may have been released from the salt 
water system. Corrosion plugs may be fitted within the water space. 

Thin copper fins are soldered to the outside of the cooler tubes. The air will pass 
between these plates which greatly increase the area of heat transfer. There are two side 
plates of mild steel or aluminium alloy. 

Temperatures and pressures are recorded at each inlet and discharge. Discharge air 
temperature should not exceed 55°C since engine temperatures—notably the exhaust 
temperatures—will increase, with loss in efficiency due to reduction in air density. 

Air at very low temperatures will also cause thermal shock when in contact with hot 
liners and pistons. 

Some medium speed engines’ turbocharge systems may be adapted to improve low 
speed operation. A by-pass valve may automatically return some charge air to the 
compressor inlet to improve acceleration when running up to speed. Engines designed 
to operate with high power at reduced speed may have an excess of charge air at full 
speed and require a blow-off valve to open at 85% full speed. 

In recent years the efficiency of turbochargers and their systems has been increased 
considerably. In addition to increased engine power, greater stability is possible at low 
speeds. Part of the exhaust gas energy may be used to drive power units which increase 
the overall thermal efficiency of the plant. 


Two stage turbocharging is currently only used in high speed four-stroke engines. Two 
turbochargers are fitted in series, each acting as one stage of the charge air compressor. 
They are matched to avoid surge at all speeds. They are of normal construction and 
there is no mechanical linkage. 

The first stage compressor is driven by the second stage exhaust gas turbine. The air 
then passes through a first stage charge cooler before continuing to the second stage 
compressor, which is driven by the first stage gas turbine. The air proceeds through a 
second stage charge cooler and then to the engine inlet. 

The advantages of two-stage compression with an intercooler are outlined on page 
108. Two stage turbocharging gives higher charge air pressure and mass. Both charge 
air coolers can be fresh water cooled and if a central cooling system with temperature 
controls is utilised, further total energy savings may be made. 


Undercooling of air occurs when it is cooled to a temperature below the dew point at 
that pressure. To prevent undercooling and excessive condensation, air temperature 
should not be taken below 20-25°C. 

Some measure of cooler efficiency can be ascertained from the difference between air 
discharge temperature and cooling water inlet temperature under normal running 
conditions: a rise in this indicates fouling of the cooler. An increase in the air pressure 
drop indicates fouling of the air passages, while an increase in water pressure drop 
indicates fouling of the water side. 

When necessary, charge air coolers can be cleaned while out of service. Water side 
may be cleaned by removing water boxes and brushing through tubes. If this does not 
remove the scale, acid cleaning may be carried out, after which it must be flushed 
through. After cleaning, a pressure test should be carried out on the water spaces. 

Air passages may be blown clear with a compressed air or steam jet and specially 
shaped brushes may be used. If these do not remove the dirt, the stack may be 
immersed in a hot degreasing fluid and then blown clear. 

Some medium speed and high speed engine systems circulate the charge air coolers 
with fresh water. Additionally, to improve total heat recovery and prevent undercool- 
ing at reduced engine load or speed, the charge air cooler is split into two parts or 
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stages. Charge air first passes through the part cooled by the ‘high temperature’ fresh 
water circuit and then through the part circulated by the ‘low temperature’ circuit. 

When the engine operates at low power, temperature regulators pass heat extracted 
from the lubricating oil cooler to raise the charge air temperature before it enters the 
engine. (See page 101.) 


EXHAUST VALVES 


One or more exhaust valves are fitted to each cylinder within the cylinder cover and are 
of the poppet type with their valve lid and spindle of inverted mushroom shape, 
arranged to open inwards in order to maintain positive closing under pressure in the 
cylinder and ensure their non-return action. Gas pressure will act upon the area of the 
valve lid to hold it against the seat and supplement the closing action of the springs. 
This positive contact of valve and seat removes carbon or other deposits on the valve 
seat which, if allowed to build up, cause blowby of hot gases and burning of valves and 
seats. The shape of the valve lid protects the seat from the flame and hot gases during 
combustion. 

Four-stroke engines together with some older two-strokes have their exhaust valves 
mechanically actuated from a camshaft, the shape of the cam controlling the timing 
and lift of the valve (Fig. 3.7). Rotation of the cam peak raises a follower and pushrod 
to operate a pivoted rocker lever, the other end of which depresses the valve spindle 
through a tappet and causes the valve to open. During opening the valve springs are 
compressed and these force the valve to close as the cam peak leaves the follower. 

Helical coiled steel valve springs are used, designed to have sufficient compressive 
strength while avoiding vibrations. Valve springs and operating mechanism can be of 
moderate proportions, reducing inertia of parts and power demand. To facilitate 
overhaul of the valves without removing the cylinder cover, each valve together with its 
springs, etc may be fitted in a separate cage. 

Exhaust valves may be manufactured from heat-resistant alloy steels, but to 
prevent corrosion when burning heavy fuels, Stellite is welded to the valve landing 
surface. (Stellite is a very hard alloy of cobalt, chromium, tungsten with some iron and 
carbon. It resists impact, wear and corrosion at high temperature.) Large exhaust 
valves may be of austenitic alloy steel and have the underside of the valve protected by 
a sintered layer of Inconel or Nimonic. Alternatively the whole valve and spindle may 
be forged in Nimonic (a high nickel alloy). 

Cooling of exhaust valves will prolong the useful life of valves, seats and bushes. It 
will maintain temperatures low enough to prevent burning and rapid wear and also 
allow lubrication of the spindle bushes, reducing wear and maintaining valve 
alignment. When burning heavy fuels containing vanadium and sodium compounds, 
valve temperatures must be kept below 530°C to avoid hot corrosion and deposits. 

Cooling is by circulating the valve cage and seat with fresh water. In some cases the 
valve itself may be cooled by cooling passages with flexible external connections. 
Valves and seats should be made of materials which readily conduct heat from the 
valve lid. Valve cages must be a good fit in the cylinder cover in order to transfer heat to 
the cover. 

Rotation of valves during operation will assist in removal of deposits between seat 
and landing; it will also ensure an even temperature and wear around the valve. 
Rotation may be carried out mechanically by fitting a ratchet or friction device at the 
top spring compression plate (termed a Rotocap). Alternatively, angled guide vanes 
may be fitted to the valve spindle causing the exhaust gas stream passing through the 
valve to rotate it while in the open position. 
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3.7 Exhaust valve with pushrod and tappet 


Tappet clearances are necessary to allow for thermal expansion of the valve spindle 
length at working temperature, and to ensure that positive closing of the valve 
continues as it wears or seats during use. Clearances should normally be set while the 
engine is cold and the cam follower is off the cam peak. Wear in parts of the valve 
operating gear will tend to increase clearances. 

Excessive tappet clearance will cause the valve to open late and close early in the 
cycle and will reduce its maximum lift. It will also cause noise, and eventually damage, 
from the impact of working surfaces. 

Insufficient clearance will cause the valve to open early and close late with increased 
maximum lift. In extreme cases, it may prevent the valve from closing completely as it 
expands or beds in. This in turn will cause hot gases to blow past valve faces, causing 
valve burning, low compression etc. 


HYDRAULICALLY OPERATED EXHAUST VALVES (Fig. 3.8) This 
type of valve is now fitted to most large two-stroke engines. The pushrod, rocker lever 
and tappet are all replaced by an hydraulic system. The exhaust cam follower raises the 
piston of a single acting, high pressure oil actuating pump. As the piston is raised it 
delivers oil at high pressure through a reinforced pipe to a hydraulic piston attached to 
the top of the valve spindle, forcing the valve to open. When the cam peak has passed, a 
helical return spring forces the follower down onto the cam profile, lowering the 
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3.8 Hydraulically operated exhaust valve (Sulzer) 


actuating piston and releasing the hydraulic oil pressure. This allows the valve spring to 
force the valve closed, returning oil from its hydraulic cylinder. Each hydraulic valve 
system is continuously charged with oil from the main engine lubrication so that any 
leakage is immediately made up. 

Some early valves of this type had helical valve springs, but present practice is to use 
an air spring or pneumatic piston in which air under pressure is further compressed as 
the valve opens. This pressure energy is stored in the air spring and used to close the 
valve. Air springs are charged continuously from the main air start supply through a 
reducing pressure valve. This ensures the appropriate exhaust valves are closed before 
the engine can be started. 

This system has many advantages over pushrods. It reduces overall weight, allows 
the engine designer to place the camshaft in the most effective position, reduces the 
power absorbed and inertia losses, eliminates side thrust on the valve spindle and 
spring surge or vibration. It also allows the valve to be rotated by the gas stream as 
described above. 


AIR INLET VALVES are necessary in four-stroke engines and similar in 
construction and operation to a spring loaded, pushrod type of exhaust valve. Inlet 
valves should have an area equivalent to that of the exhaust valves. The passage of cool 
inlet air will maintain them at moderate temperatures so the design of valves, seats and 
pockets will not require such intense water cooling as exhaust valves. Seats and 
landings do not require such high-temperature and corrosion resistant materials. 
Rotocaps or guide vanes may be fitted to maintain even temperatures and remove 
deposits. Air inlet valves may be fitted directly in cylinder covers without valve cages. 
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Engine Parts 


Sectional views and brief descriptions of complete engines were given in Chapter 1 and 
details of the major parts, their operation and maintenance can now be given in greater 
detail. Size and shape of particular parts will differ according to engine type and 
manufacturer, but most of this information will be general to all. 


CYLINDER LINERS 


These are designed to give an extensive working life with long periods between 
overhauls. They must maintain low wear rates and friction losses from the sliding 
motion of the piston rings under fluctuating pressure and temperature. Materials for 
liners must provide adequate strength and fatigue life, readily transfer heat, resist 
abrasion and corrosion, be able to retain a film of lubricating oil on working surfaces, 
and have a rate of thermal expansion compatible with adjacent parts. 

To meet these requirements at limited initial cost, liners are cast in pearlitic grey cast 
irons to which alloying elements such as vanadium and titanium are added to enhance 
strength, wear and corrosion resistance. Actual specifications depend upon the engine 
type, its rating and fuel. Chromium plating of the internal surface can be carried out to 
reduce wear and corrosion further. The chrome must either be deposited as a porous 
structure or else be etched to retain lubrication. Chrome plated liners have extended life 
but the initial cost is greater. 

Chromium plated piston rings must not be used with plated liners. 

The upper end of the liner forms a flange of sufficient strength to support it. This 
flange is secured between the cylinder cover and the jacket or engine entablature, 
leaving the lower end of the liner free for thermal expansion. The liner thickness must 
give adequate strength to resist the internal gas load but is limited by the necessity to 
transfer heat rapidly to reduce the thermal stress. Thickness may be reduced towards 
the lower end where pressures and temperatures are less, but external flanges and 
bossing may be added to accommodate seal rings, lubricator connections, etc. Some 
earlier model liners had steel hoops or rings shrunk on or a close fit to the outer 
surface: this increased strength with only moderate increases in size and weight. 

In large two-stroke engine liners (Fig. 4.1) scavenge air ports will be cut or cast in 
near the lower end. Engines using loop or cross scavenge systems will also need exhaust 
ports. All port edges are shaped to direct the flow. Cylinder liners in four-stroke 
engines require no ports and are of more simple shape. 

To remove excess heat, limit thermal stress and maintain a surface temperature at 
which an oil lubrication film can be retained, liners require an external cooling system, 
described in Chapter 5. 


CYLINDER LINER COOLING 


This is often referred to as jacket cooling and is carried out by circulating fresh water 
between the outer surface of the liner and the cylinder jacket or sleeve in which it is 
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4.1 Cylinder liner for two-stroke engine (Sulzer) 


supported. The water space extends over the upper part length of the liner. Silicone 
rubber rings fitted into grooves in the liner make a watertight seal at the lower end while 
still allowing freedom for thermal expansion of the liner. The upper end is sealed by the 
landing of the liner flange. 

Water enters at the lower end of the jacket, flowing upwards and leaving at the top to 
pass on to cool the cylinder cover. Passages may be fitted within the cooling spaces to 
ensure positive circulation and assist venting of any entrained air. 


BORE COOLING isthe term used when a number of individually small holes are 
bored within the thickness of a part so that water can be passed close to the heated 
surface (Fig. 4.3). Straight holes drilled at an angle through a curved thickness give 
very effective cooling with little loss in strength of the part. As cooling takes place near 
the hot surface, thermal stress is greatly reduced. 

Bore cooling is used in most modern liners to maintain acceptable temperatures in 
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4.2 Cylinder liner for four-stroke engine (MAN—B & W) 


the liner at its top flange where the metal thickness is greatest. The small holes angled 
upwards maintain the velocity of the cooling water. 


CYLINDER JACKETS For large engines these consist of individual iron 
castings, supported on the engine framing or entablature and bolted together to forma 
rigid block into which the cylinder liners are fitted. The jackets are held in compression 
by the tie bolts (see below in this chapter). 

In smaller engines the jackets may be formed in one large casting or fabricated in box 
form and termed the cylinder block. It may act as the main strength member of the 
engine construction. Cleaning access to the cooling spaces must be provided. 


CYLINDER LUBRICATION 


Cylinder liners require adequate lubrication to reduce piston ring friction and wear. 
The oil film also acts as a gas seal between liner and rings and as a corrosion inhibitor. 
Some oil is forced into piston ring grooves, reducing wear on the piston surfaces and 
rings, and keeps them free to move within their grooves and follow the contour of the 
liner. 
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4.3 Bore cooling of cylinder liners: (a) section at X; (b) section along one bore 
hole; (c) section of a development through centrelines of bore holes 


In large crosshead type engines the cylinder space is completely isolated from the 
crankcase and a separate lubricating system is fitted to supply a measured quantity of 
oil to each liner. Special cylinder oils are used for engines burning heavy fuels: they 
have a high alkalinity (usually 70 TBN) to neutralise acids formed from the 
combustion of sulphur present in the fuel. Oils must maintain their viscosity at high 
temperatures, resist oxidation and carbonisation, spread readily yet cling to working 
surfaces. They prevent scuffing and wear while keeping piston rings free from carbon 
buildup. 

Alkaline agents will be expended during use and any oil drainings from the cylinders 
must not be reused. 

Oil is injected through a number of holes drilled in the liner, usually six or eight of 
these displaced circumferentially around the liner at a chosen vertical position within 
the piston stroke. Oil is supplied by pressure pulses from positive displacement 
mechanical lubricators driven from the engine camshaft and regulated to deliver oil at 
the required rate. By linking the pump drive to the engine throttle setting levers, the oil 
quantity can be related to the power produced. Lubricator quills are connected to the 
oil holes and each contains a non-return valve to prevent blowback of hot gases. 

Ideally lubricators should be timed to inject oil between the piston rings as they pass. 
In practice, due to the elasticity of the system this accuracy is difficult to achieve and if 
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4.4 Cylinder lubricating quill with accumulator 


timing is out of phase the oil may be swept away. In consequence timing is generally not 
attempted. Accumulators may be fitted to the lubricator quills so that a quantity of oil 
will enter each time the cylinder pressure drops below that in the accumulator, thus 
ensuring oil does not enter the cylinder when exposed to hot gases. 

The vertical position of the lubrication points will depend upon the engine design. 
They should be clear of the combustion space with its high pressures and temperatures 
but should also be clear of ports in the liner since unused oil may be lost through these. 
Distribution of oil around the liner circumference may be aided by oil gutters adjacent 
to the lubricator points and angled downwards to assist flow by gravity, while reducing 
the piston ring chipping effect. Lubricating oil is spread over the length of the liner by 
the piston rings during their stroke. 

Some large two-stroke engines use multi-level cylinder lubrication. Some oil is 
injected near the top of the liner to neutralise acids formed during combustion; the 
majority of the cylinder oil is injected at 10% of the stroke below this to ensure 
complete oil wetting of the liner surface at mid-stroke, where the piston rubbing speed 
reaches its maximum and abrasive wear may occur. 

Mechanical lubricators should be operated before starting the engine to ensure 
priming of the connections and injection of oil for the first engine movement. 

The supply should be temporarily increased during running-in periods for new 
cylinder liners or new piston rings. 
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In opposed piston or exhaust piston engines, two sets of lubricator points are fitted 
to each liner, one set situated within the stroke of each piston. Due to the higher 
operating temperature, it is usual to supply a relatively greater quantity of oil to the 
upper or exhaust piston. 

In trunk piston engines some cylinder lubricators may be fitted as in crosshead 
engines. Due to smaller cylinder bores, there are usually fewer points around the liner. 
Since most of these engines are four-strokes, there will be no ports in the liner through 
which oil may be lost and temperatures are reduced during the induction stroke, 
making lubrication less demanding. The majority of the cylinder lubrication will be 
effected by oil splashing from the crankcase into the open lower end of the liner. This 
would cause uneven excessive lubrication so oil scraper or control rings are fitted to the 
piston skirt to spread this circumferentially and return excess oil to the crankcase. In 
some engines, oil may be bled from the piston cooling return, to pass through small 
holes in the piston skirt and increase cylinder lubrication. Used oil from the cylinders 
will also drain into the crankcase and consequently a common oil is used for both 
cylinders and crankcase. The oil must be compatible for cylinder lubrication as well as 
for cooling and crankcase lubrication of bearings. For trunk piston engines running on 
heavy fuel the oil must be alkaline (30/40 TBN). Alkalinity will be reduced with 
contamination from combustion products and must be monitored. A stable value 
should exist when loss in alkalinity is balanced by that in the fresh oil added as ‘make 
up’, to maintain the crankcase oil level. 

Operation of an engine with insufficient cylinder lubrication will cause high wear 
rates to liner and piston rings. Corrosion of the liner may increase when burning heavy 
fuel. Loss of oil seal to the piston rings will cause blowpast of hot gases causing local 
overheating, rapid breakdown of surfaces and possibly piston seizure. In trunk piston 
engines there is also danger of a crankcase explosion. Excessive lubrication will cause 
carbon deposits, piston rings sticking in grooves allowing possible breakage or 
blowpast. There will be fouling of the exhaust system including turbocharger and 
contamination of scavenge spaces. 


CYLINDER LINER WEAR 


Wear in a cylinder liner is mainly due to friction, abrasion and corrosion, although 
under severe conditions adhesion may also occur. Each of these may have a number of 
causes. 

Frictional wear takes place between the sliding surface of cylinder liner and piston 
rings. It will depend upon the materials involved, surface conditions, efficiency of 
cylinder lubrication, piston speed, engine loading with corresponding pressures and 
temperatures, maintenance of piston rings, combustion efficiency and contamination 
of air or fuel. 

Corrosion occurs mainly in engines burning heavy fuels, particularly with high 
sulphur content. It is caused by acids formed during combustion and these must be 
neutralised by the use of alkaline cylinder oil. Sulphuric acid corrosion may be caused 
in the lower part of the liner if the jacket cooling water temperature is too low. This may 
allow vapour present after combustion to condense. The moisture formed will absorb 
any sulphur present to form sulphuric acid. This can be prevented by maintaining 
jacket temperatures above the corresponding dewpoint. 

Water vapour will be present from the combustion of hydrogen together with any 
water present in the fuel. It may be increased if water passes from the charge air cooler. 

Abrasion may take place from the products of mechanical wear, corrosion and 
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combustion—all of which form hard particles. Ash may be present in some heavy fuels, 
as well as fines (aluminium compounds added as a catalyst during the refining process 
and not fully removed from the residual fuel) which may act as abrasives. 
Adhesion or Scuffing is a form of local welding between particles of the piston ring 
and the liner rubbing surface, resulting in very rapid wear. If may occur if the 
lubricating oil film between ring and liner is removed due to excessive temperature, 
insufficient supply or incorrect distribution of oil, piston blowpast, etc. Engines 
operating on some low sulphur grades of fuel may be prone to scuffing damage. 


GAUGING Cylinder liners should be gauged internally at fixed intervals during 
overhaul (6000-8000 hours) to measure accurately the increase in bore. Continuous 
records of gaugings should be kept for each cylinder. 

The liner must be cleaned and inspected. General appearance of the surface may 
show whether lubrication has been adequate. A careful examination must be made for 
surface cracks, particularly around the combustion space. 

` The liner is now gauged with a micrometer and extension bar which has been 
calibrated against a master gauge. The liner should preferably be cold, but if this is not 
possible the gauge must be at the same temperature as the liner to cancel expansion 
effects. 

Gaugings are taken at a number of vertical positions (4 to 6) over the area swept by 
the piston rings. Readings are taken in fore and aft and in athwartships directions. To 
ensure readings are taken at corresponding points, a template may be used. Gauging 
figures are noted as total wear from original and mean rate of wear since the last 
recording was made. 

The pattern of wear over the length of the liner will differ according to engine type 
but in single acting, two-stroke engines it tends to be greatest at the top of the stroke 
adjacent to the combustion space, where pressure and temperature are greatest. This 
reduces towards the lower end of the stroke, but will increase at the exhaust and 
scavenge ports when relative pressure on port bars is increased and blowpast may 
remove lubricating oil film (Fig. 4.5). 
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4.5 Cylinder liner wear pattern 
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4.6 Cylinder liner wear rate 


The rate of wear varies over the life of the liner. It is high during the initial running-in 
period after which it should reduce to an almost constant rate for most of the useful life 
of the liner. Finally the rate will progressively increase as wear becomes excessive (Fig. 
4.6). 

Normal wear rates differ but an approximate figure of 0.1 mm per 1000 hours is 
acceptable for large engines. Wear is increased if the engine is overloaded. Maximum 
wear before renewal is usually limited to 0.6-0.8% of original bore diameter, or less 
when the manufacturers advise. The time when this figure will be reached can be 
anticipated from wear records for advance ordering of replacements. 
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4.7 Gauging a cylinder liner 
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4.8 Record of cylinder liner wear 


After gauging, any ridges on the liner should be ground off. These may be evident at 
the top of the ring travel and at port bars. Ridges may be due to broken piston rings or 
where the piston has been raised to readjust compression. If new piston rings are fitted 
the liner should be deglazed. To allow running-in, cylinder lubrication should be 
increased temporarily and maximum load limited. Ports must be cleaned, sharp edges 
removed, lubricators tested and a close inspection made before putting back into 
service. 

If the cylinder is operated with excessive wear, the rate of wear will rapidly increase. 
Gas blowpast may remove the lubricating oil film, piston rings may distort and break, 
piston slap may cause scuffing. Compression is reduced causing incorrect combustion 
with fouling of the exhaust system. Unburned oil may be blown into scavenge spaces 
giving rise to scavenge fires. 
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FITTING A NEW CYLINDER LINER 


In modern engines, lifting arrangements, special attachments, power tools and jacks 
are carefully designed and supplied by the engine manufacturers with instructions for 
use. The following is a fairly general description of how a liner may be changed without 
sophisticated equipment. 

It will first be necessary to remove the old liner. Cooling water is drained from the 
cylinder and jacket after which the cylinder cover together with its valves, operating 
gear and connections must be removed and safely landed. The piston and rod are then 
removed (see below) and cylinder lubricators disconnected. 

A strongback is now fitted to span the top of the liner and is supported on the jacket 
at each end. Long bolts pass through the strongback to a crossbar at the lower end of 
the liner (Fig. 4.9). By tightening the nuts on top of the strongback or by applying oil 
pressure to jacking nuts, the liner can be ‘started’ from its landings. Strongback nuts 
are followed down to grip the liner axially between strongback and crossbar. The crane 
is attached and it may now be lifted clear. 

Cooling spaces and landing surfaces of jacket should be cleaned and inspected 
taking care that no water or dirt is allowed to fall into the crankcase. 

Itis advisable that, after cleaning and close inspection, the new liner is gauged before 
fitting. The strongback, now inverted, and the crossbar should be fitted to the new 
liner. This is then tried in position without seal rings, to check its clearance. 

Correct rubber seal rings are fitted in the appropriate grooves and may be smeared 
with a lubricant such as tallow; jointing compound may be applied to the sealing 
surfaces of the liner flange. The new liner may now be lowered carefully into the jacket. 
Final landing may be carried out by nuts on cover studs drawing the strongback down 
until the liner has landed securely on its joint faces. Care must be taken to align the liner 
circumferentially with the markings on the jacket; this will locate correct positioning 
for lubricator connections etc. In some liners the ports will differ around the 
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4.9 Changing a cylinder liner 
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circumference. After the cylinder cover is hardened down, a water test must be carried 
out on the jacket, lubricator points and seal rings. 

The new liner should be regauged after final landing to check any distortion. These 
gaugings should be recorded to assist later esimates of wear, etc. Lubricator 
connections are refitted and lubricators tested. 

New piston rings should be fitted with a new liner and all running-in procedures of 
reduced fuel and increased lubrication should be carried out. 

For engines in which cylinder liners land ona head ring on the entablature, the lifting 
strongback may be secured directly to the head ring and this, together with the liner, 
may then be jacked from the entablature without the necessity for a crossbar. 


CYLINDER COVERS 


The cover (or cylinder head) forms the top part of the combustion space and it must be 
of sufficient strength to withstand the gas load at maximum pressure. The cover lands 
on the top of the cylinder liner flange and is secured to the cylinder block by a number 
of cover studs and nuts. These are tightened hydraulically to maintain a gas-tight seal 
under the arduous fluctuating pressure and temperature conditions. 

The cover must also locate and support all the valves required to operate the engine 
together with their securing studs. In a large two-stroke engine there will be a large 
central exhaust valve and cage, two or three fuel injectors, a starting air valve, relief 
valve and indicator connection. Medium speed four-stroke engines generally have two 
exhaust valves and two air inlet valves per cylinder, one centrally placed fuel injector, 
an air start, pressure relief and indicator valves. 

It can be seen that the cover is of intricate design: it should transfer heat readily, 
resist bending, be symmetrical in shape and have a coefficient of thermal expansion 
similar to the liner. Large two-stroke covers are machined from solid steel forgings 
drilled to give bore cooling. They are circulated with fresh water from the jacket 
cooling system which maintains moderate temperatures and allows intensive cooling 
of the exhaust valve seating while making separate fuel valve cooling unnecessary. (See 
Figs 4.10 and 4.11). 


4.10 Cylinder cover for two-stroke engine (MAN—B & W) 
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4.11 Cylinder cover for four-stroke engine (MAN—B & W) 


Earlier large engines had covers in two parts, the part holding the valves being of cast 
iron held in position and supported by a cast steel strongback to give added strength 
with effective water cooling. 

With their greater number of valves, four-stroke engine covers are usually formed 
from a casting which may be of pearlitic or nodular graphite cast iron, or in some cases 
cast steel. Deep sections are used to resist bending under the peak pressures in highly 
rated engines. The flame plate is of limited thickness to ensure efficient cooling while 
the top deck plate gives adequate strength. An intermediate deck may be included in 
some designs. The deep box-like construction allows air inlet and exhaust passages 
(and in some cases fuel pipes) to be accommodated within the main casting. 


CYLINDER DIAPHRAGM AND PISTON ROD GLAND 


In crosshead type engines a diaphragm is fitted to isolate the lower surface of the 
cylinder and scavenge box from the crankcase. In large two-stroke engines the 
diaphragm may form part of the cylinder jacket. 

Isolation of the cylinder space from the crankcase prevents contamination of the 
crankcase lubricating oil by residues from the combustion of heavy fuels, cylinder and 
ring wear, corrosion or gas blown past the piston rings. It allows the use of special high 
alkaline cylinder oils (see cylinder lubrication), while the main crankcase oil can be 
selected for better bearing lubricating and cooling properties. 
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The piston rod must pass through the diaphragm and a piston rod gland is fitted. 
This consists of inward sealing metallic or teflon packing and oil scraper rings. Each 
ring has three or four segments which are a good fit on to the piston rod surface and are 
held by a coiled garter spring. There must be sufficient circumferential butt clearance 
between segments to allow contact with the rod. 

The gland consists of two sections; rings in the upper section act as seal rings for 
scavenge pressure and scrape off any residue or dirt from the piston rod on its 
downward stroke. This contaminated oil residue should be conveyed to the sludge 
tank. The lower section rings act as oil control rings to scrape excess crankcase oil from 
the piston rod during the upward stroke. This oil is returned via drains to the crankcase 
system. A void or vent space is left between the two sections and the drain from this 
should be inspected regularly to ascertain the efficiency of the gland. 

Maintenance of the gland consists of maintaining correct clearances of ring 
segments in circumferential (butt), axial and radial directions; checking tension of 
garter springs; keeping drains and vents clear. Particular care must be taken during 
removal of piston and rod to prevent damage to the gland. 

Incorrect, or lack of, maintenance may lead to contamination of the scavenge space 
with oil, loss of scavenge air, contamination of crankcase oil and damage, with possible 
overheating of the piston rod, leading to danger of a hot spot within the crankcase and 
risk of explosion. Diaphragms in some engines contain water cooled spaces. 
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4.12 Piston rod gland and diaphragm 
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PISTONS 


Materials used for pistons will require similar properties to those for cylinder liners and 
covers. The crown must withstand the high gas load and transmit the force from this to 
the piston rod. It must have a long fatigue life to survive the fluctuating mechanical and 
thermal stresses; its surface is exposed to very hot combustion gases followed rapidly 
by cool scavenge air during each engine cycle. The metal must resist high temperature 
creep, corrosion and erosion; and readily conduct heat for cooling but have limited 
thermal expansion so that working clearances are maintained with the liner and piston 
rings. Materials and design will depend on the engine rating, size, speed and fuel. 


LARGE TWO-STROKE ENGINE PISTONS These will be subjected to 
rigorous conditions due to the large-bore cylinders and heavy fuels. The piston crown 
must be supported against bending while allowing cooling of its underside. The shape 
is concave to give an efficient combustion space. 

Pistons are cast in chrome-molybdenum alloy steel and machined on all surfaces. 
Ring grooves are cut into the wall, and to reduce wear and fretting of groove surfaces 
they are chromium plated and ground. The piston diameter may have a small taper 
inwards above the top ring position to allow for small changes in its geometry due to 
high stresses and temperatures. In some cases, to give extra protection from high 
temperature corrosion, part of the piston crown surface may have a thin layer of 
protective alloy welded on. 

Cooling of pistons is necessary to remove excess heat from combustion and to limit 
thermal stressing. It also limits thermal expansion to maintain correct clearances 
between piston and liner and between ring grooves and rings. Cooling is carried out by 
circulating internal passages in pistons with a coolant. This may be either oil or fresh 
water. 

Oil cooled pistons are used in most engines currently in production. Oil has a slightly 
lower thermal capacity than water and an adequate supply is necessary. It also has a 
lower maximum safe temperature of 56°C to prevent formation of carbon or lacquer 
on hot internal surfaces with consequent reduction in heat transfer, or choking of small 
oil passages. 

Piston cooling oil forms part of the engine crankcase lubrication system and this will 
require an increased capacity to accommodate it. There may be a slight increase in oil 
deterioration due to the increased thermal cycling. 

Cooling oil is supplied under pressure to the crosshead via either telescopic pipes or 
swinging links with glands. From the crosshead it passes through holes bored in the 
piston rod to the cooling spaces in the piston. It returns via the crosshead to a collector 
where its flow and temperature are monitored before it drains to the bottom of the 
crankcase for recirculation. 

Fresh water cooling has the advantages of a higher thermal capacity than oil and a 
higher outlet temperature up to 70°C may be sustained. There are a number of 
disadvantages. Telescopic glands are used to convey the water directly to and from the 
piston. These glands must be carefully maintained and aligned; no water leakage can 
be allowed to contaminate the crankcase. Inhibitors are necessary to prevent corrosion 
in the system and adequate venting must be maintained. A separate piston cooling 
water system including pumps and heat exchanger etc will be necessary. 

In both oil and water cooling systems periodic inspection and cleaning of internal 
surfaces must be carried out. 

The pressure and rate of flow must be sufficient to overcome the gravitational or 
cocktail shaker effects, due to the reciprocating motion of the pistons. 
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Piston cooling and cylinder jacket cooling must be maintained for a period after the 
engine is stopped in order to allow a gradual reduction in temperature and consequent 
thermal stress. 

Fig. 4.13 is a section of aMAN—B & W K90 MCC engine, oil cooled piston. The 
chrome-molybdenum steel crown is cast in one piece and has adequate internal cooling 
spaces while an inner ring supports the crown and transmits the gas load directly to the 
piston rod flange to which it is rigidly bolted. A short cast iron skirt is secured to the 
underside of the piston, sealing off the cooling space. The Inconel layer welded to the 
top of the crown is not used in all MC range engines. 


8 mm Inconel 625 
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4.13 Oil cooled piston (MAN—B & W MC C) 


Cooling oil enters from the central tube within the connecting rod and flows under 
the centre of the crown before passing through bore cooling holes in a radial direction 
to the toroidal space at the piston edge, swirling down behind the piston ring grooves 
before returning to the crosshead by the concentric space outside the tube in the 
connecting rod. 

Four piston rings are fitted in grooves with chrome-plated horizontal surfaces. 

A water cooled piston, as fitted in some Sulzer RTA Series 1 engines, is shown in Fig. 
4.14. The piston crown is cast in alloy steel and has internal bore holes which extend 
close to the working surfaces including the outer edge and behind the piston ring 
grooves. Water pressure together with the shaker action ensures circulation within 
these bores. Water enters and leaves through telescopic pipes attached to the piston; 
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4.14 Water cooled piston and rod (Sulzer RTA) 


the sealing glands and standpipes for these pass through the diaphragm to a casing 
which completely isolates them from the crankcase to avoid the possibility of 
contamination in the event of a leakage. 

Five piston rings are fitted in chrome-plated grooves. A short cast iron skirt of 
slightly larger diameter containing a bronze wearing ring is secured between the piston 
and rod. The assembly is secured to the piston rod flange by stud-bolts waisted for part 
length and fitted in extension sleeves to give greater resilience. 

Most recent models of Sulzer RTA Series 2 engines are oil cooled, oil passing up the 
bore in the piston rod and projected by jets into the bore holes. Oil leaves down the 
central tube to the crosshead. 

Surface temperatures of working parts within the combustion space of a diesel 
engine will vary with design. In two-stroke engines they tend to be symmetrical because 
of the centrally positioned exhaust valve. Maximum temperature and thermal cycling 
will affect the wear and tear on parts and their maintenance. 

Fig. 4.15 shows temperatures at critical positions within the combustion chamber of 
a MAN—B & W 6826 MC engine operating at full power on heavy fuel. 
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4.15 Temperatures in combustion space (MAN—B & W) 


REMOVING A PISTON AND ROD 


Before removing the piston it will first be necessary to remove the cylinder cover, valves 
and connections. Carbon deposited around the top of the liner should be cleaned off 
before attempting to lift the piston. 

Engine turning gear should be used to turn the piston to top dead centre position. 
Screw threads in lifting holes in the piston crown must be cleaned and the piston lifting 
plate or brackets securely bolted into place; the crane is then attached. After removal of 
its locking device, the piston rod nut or nuts securing it to the crosshead are slackened 
hydraulically and removed. 

The weight of the piston and rod is taken on the crane and then turning gear is used 
to turn the engine and lower the crosshead clear of the piston rod. Care must be taken 
to protect all threads from damage. The piston and rod may now be lifted by the crane. 
In some engines the piston rod gland is freed from the diaphragm and lifted with the 
rod, in others special devices prevent damage as the rod is lifted. Where piston cooling 
connections are fitted, care must be taken to avoid damage or misalignment. 

When piston and rod are clear of the liner they may be landed for removal of rings, 
inspection and cleaning. The piston should be inspected externally for wear, corrosion 


59 


ENGINE PARTS 


? Engine room 
_— Crane 


Lifting plate 
securely bolted 
A M to piston crown 


Gland 
housing 


Protecting 
sleeve 


4.16 Changing a piston 


and cracks. The crown should be gauged to reveal any burning or corrosion. Careful 
examination should be made for fatigue cracks. Piston ring clearances are gauged and 
then the rings removed by means of the retractor or tensioner. Ring grooves are 
cleaned, examined and gauged for wear or taper, particular care being taken with 
flatness of landing surfaces. 

Internal cooling spaces of the piston should be cleaned and surfaces inspected, which 
will require removal of the piston rod and seals. Locking devices on piston studs are 
dismantled and nuts slackened hydraulically. Studs must be inspected and tested. All 
surfaces must be cleaned and new seals fitted. After reassembly, a pressure test of 
cooling spaces should be carried out. 

The piston rod should be inspected for wear and cracks, particularly at its 
connection with the crosshead. 

If new piston rings are to be fitted, they must be gauged for butt clearances in the 
unworn part of the liner, and axial clearance and free movement in grooves must be 
checked. Ring gaps should be spaced at 180° in alternate grooves. 

After cleaning and gauging of liner, etc the piston and rod may be replaced. A guide 
ring is placed at the top of the liner to assist entry and all necessary surfaces are 
lubricated. During lowering, equal care must be taken of threads, glands and cooling 
systems. The maker’s instructions should be carried out, particularly regarding 
slackening and tightening of all bolts and studs. Locking devices must be fitted 
correctly. 

The utmost safety must be observed at all times. Lifting gear must be kept in good 
order and all parts made secure. 
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PISTON SKIRTS 


Skirts are fitted to pistons of both two- and four-stroke engines, but for different 
reasons. In large crosshead type, two-stroke engines using uniflow scavenge, a short 
skirt may be fitted to act as a guide to stabilise the position of the piston within the liner. 
It is made of cast iron, usually very slightly larger in diameter than the piston to ensure 
that if any piston slap takes place the steel piston will not contact the liner wall or 
damage the surface. Soft bronze bearing rings may be caulked into the skirt, standing 
proud and assisting the running-in process. These rings can be renewed if necessary. 

For two-stroke engines operating with loop or cross scavenge, long skirts are 
required to blank off the scavenge and exhaust ports in the liner when the piston is 
above these. 

In trunk piston engines the piston skirt has the gudgeon pin fitted within it and 
therefore transmits the gas load from the piston to the gudgeon, or top end bearing. 
Due to the absence of crosshead guides in these engines, the skirt acts as a guide for the 
piston and transmits the side thrust from the connecting rod to the liner walls. Skirts 
will require lubrication and may have oil control rings fitted. 

Four-stroke skirts may be made from aluminium alloy or cast iron. The gudgeon pin 
fitting causes the mass of metal within the skirt to be unsymmetrical, leading to unequal 
expansion when hot. To ensure circularity of the skirt at working temperature it is 
machined to be slightly oval when cold. 


PISTON RODS 


A piston rod acts as the main strut to transmit the heavy gas load downwards from the 
piston to the crosshead and running gear of the engine. The length of the rod will 
depend upon the length of engine stroke and its design. It is machined from a steel 
forging and is round in section for strength and rigidity. There is a flange at its top end 
where bolts or studs attach it to the piston. The lower end is attached to the crosshead, 
either by a bolted flange or by passing through the crosshead with a nut underneath. 

The piston rod passes through the diaphragm gland and must have a smooth 
working surface to allow bedding-in of gland packing rings. This may be surface 
treated to minimise friction and wear at the gland. 

For oil-cooled pistons, the coolant is transmitted upwards through a centre bore 
hole in the piston rod. It returns through a concentric tube fitted within this. 


TRUNK PISTONS 


These are fitted to practically all modern four-stroke engines and may vary in size from 
small high-speed engines up to cylinder bores of about 600 mm in the medium speed 
range. 

Medium speed engines of modern design have composite pistons which comprise a 
thin-sectioned alloy steel piston crown supported on an aluminium alloy skirt, or 
trunk, giving a strong, light structure capable of resisting high temperatures and 
corrosion but with low inertial losses. The steel crown may be cast or forged and is 
shaped to give adequate cooling spaces. Inner surfaces are cooled by the shaker method 
in which oil from the gudgeon pin bearing passes to the piston and relies on the 
reciprocating motion to splash it against hot surfaces and to force it through passages 
where necessary. The oil drains down inside the skirt to the crankcase. 
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Piston compression rings are fitted in grooves in the cylindrical part of the steel 
crown. Landings of grooves may be plated or surface hardened to reduce wear. The top 
surface of the crown may be recessed to allow clearance for inlet and exhaust valves 
which will be open during the overlap period of the engine cycle. A number of 
prestressed bolts are screwed into the crown to secure it to the skirt. 

The skirt of silicon—aluminium alloy will contain the gudgeon pin bearing and its 
outer diameter may be oval to allow for thermal expansion (see above). It must be of 
sufficient length to dissipate the side thrust to the liner. Oil control rings may be fitted at 
the top of the skirt to remove excess lubricating oil splashed from the crankcase. 

Small engines may have cast iron pistons and skirts manufactured from either grey 
iron or spheroidal graphite iron, giving strength and wear resistance with low thermal 
expansion. 

Aluminium alloy pistons have been used and can be cast integral with the skirt for 
economy. They have low inertia and give good strength and wear under moderate 
conditions. The material work-hardens to give low ring groove wear, although an 
insert may be required at the top ring where higher temperatures and corrosion occur. 
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4.17 Trunk piston (MAN—B & W) 
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The high coefficient of thermal expansion requires greater piston clearance. These 
pistons are not used when burning heavy residual fuels as their strength, corrosion and 
abrasion resistance is reduced at elevated temperatures. 

Fig. 4.17 shows a composite trunk piston and skirt as fitted to the MAN—B & W 
58/64 engine. It consists of a forged alloy steel crown of thin section fitted by long studs 
to a forged aluminium alloy skirt. Piston ring grooves are induction hardened to 
sufficient depth for regrinding if necessary. Three compression rings are fitted in the 
crown, the top ring being plasma coated and the lower ones chromium plated. One oil 
control ring is fitted in the top of the skirt. 

The piston is oil cooled by the shaker method, taking oil through a spring loaded 
catcher which rides on the top of the connecting rod. Oil is thrown to the underside of 
the centre of the crown and then passes through drilled holes into the space behind the 
ring grooves. It finally returns to the inside of the skirt to drain into the crankcase. 


PISTON RINGS 


Materials for diesel engine piston rings must have good strength, elasticity and wear 
resistance with low friction, and must maintain these properties at high working 
temperatures. They must resist corrosion, readily transfer heat, and have thermal 
expansion compatible with the piston in order to maintain ring groove clearances. 

For large two-stroke engines most rings are cast and machined from pearlitic grey 
cast iron. This may include some chromium, molybdenum, vanadium, titanium, nickel 
and copper. In some engines spheroidal graphite iron is used, which has greater 
hardness and tensile strength. 

The cross-section of piston rings is rectangular with small radii on all edges. This 
allows an oil wedge to build up on the outer surface and prevents sticking at the back of 
the ring groove. The section may vary adjacent to the ring butts. 

Rings are machined either circular or to a cam shape from which they expand to 
form a circle at working temperatures and avoid port chipping. A radial cut is made 
and the shape of ring joint ends may be butt (vertical), which gives a robust joint for top 
rings; scarfed (diagonal), giving better gas seal but less robust; or a form of lap or 
bayonet joint which gives a good gas seal but is more vulnerable to breakage and is only 
used in some lower rings (Fig. 4.18). 

Piston compression rings are fitted in corresponding ring grooves machined in the 
piston. They will bear heavily on the lower surface or land of the groove during the 
power stroke and these lands must remain true or the rings will distort. To reduce wear 
and fretting, they are either chromium plated, heat-treated or have hard wear rings 
inserted. Sufficient thickness of treatment should allow regrinding of surfaces to fit 
oversized rings if necessary as wear occurs. 

Piston rings are retracted outwards to pass over the piston and released into the 
grooves which have been oiled. The rings should then float freely within the whole 
depth of the grooves. A special retractor should be used to give even bending without 
twisting the ring section. Excessive bending should be avoided. 

In use, piston rings convey heat to the cylinder liner and act as a gas seal between this 
and the piston. They must be free to follow the liner surface irrespective of transverse 
movement and will build up an oil wedge on the liner, reducing wear and spreading the 
cylinder lubrication. The outward pressure is initially due to elasticity in the 
compressed ring but is increased by gas pressure which acts on the back of the ring. 
This pressure is greatest in the top rings; the temperature is also higher here and these 
rings will have higher wear rates than others lower in the piston. 
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4.18 Piston compression rings 


Ring clearances are necessary to allow movement and thermal expansion. Axial 
clearance in the groove must be gauged to allow gas pressure to pass to and from the 
back of the rings. The clearance will increase with wear and the landings must not be 
allowed to taper. Clearances vary with engine size and rating but for a large engine may 
be 0.4mm for the top ring to 0.2 mm for lower rings. 

Piston ring and groove wear will inevitably be uneven and rings must not be moved 
from one groove to another during overhaul. If wear is excessive the used rings must be 
discarded and new ones fitted. 

Circumferential clearance at the ring joint is necessary to allow for thermal 
expansion but should not allow excessive blowpast of gas. It is measured before fitting 
by inserting the ring into the least worn (lower) part of the liner bore. This clearance 
will also vary with the shape of joint used, engine size and rating, but for large engines 
approximate figures may be from 0.5% of cylinder diameter for moderate ratings to 
1.0% for higher ratings. Circumferential wear of rings can be measured by reduction in 
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the width of the ring section and by increase in butt clearance at the corresponding liner 
bore. 

Excessive wear will reduce engine efficiency and may cause hot gas to blow past the 
rings, removing lubrication, causing ring distortion and breakage. 

Four-stroke engines with smaller cylinder bore and higher mean piston speeds 
require rings with good wear resistance, low friction and inertia, and the ability to bed- 
in rapidly to the liner surface. Cast iron rings may be used in most cases, but for high- 
rated medium speed engines, to avoid scuffing and corrosion, ring coatings, inserts or 
special profiles are used. Sets or stacks of matched rings are selected for particular 
engines or fuel quality. 

The top ring, which is subjected to the greatest load and temperatures, may be 
chrome plated or plasma coated. Plasma coating consists of a layer of very hard 
powdered metals such as molybdenum and chromium, fused to the rubbing surface of 
the rings. Plasma coating is carried out with finely powdered metal in a stream of gas so 
hot that all metal molecules become electrically charged causing fusion with the ring 
surface layer to form a very hard rubbing surface. Chromium or plasma coated rings 
must not be used in chromium plated liners. To assist buildup of oil wedge lubrication 
and accelerate bedding-in and conformity, these rings may have their surfaces 
barrelled or grooved. Their cross-section may be bevelled to balance working 
pressures. 

Lower compression rings may have bronze inserts or copper plating to ensure rapid 
bedding-in. 


OIL CONTROL RINGS Also referred to as scraper rings. They may be fitted 
below the compression rings on the piston, or alternatively to the skirt. Their cross- 
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4.19 Trunk piston rings: (a) Barrel face used with plasma, chrome or copper 
surface plating; (b) Taper face used with plasma, chrome or copper; (c) Serrated: 
used for chrome or copper; (d) Plain: can be copper plated; (e) Grooved: copper 
plated; (f) Bronze insert; (g) Single edge oil scraping; (h) Double edge with oil 
drain holes; (j) Conformable: low inertia supported by spring loading 
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section is shaped with a downwards wedge or lip which spreads the oil on the upstroke 
of the piston but scrapes off excess oil on the downstroke. They are light in section to 
conform readily to the liner contour. Bevelled relief of the back surface of the ring may 
be applied to reduce the ring pressure. Low-inertia oil rings are of reduced section, 
supported by an outward loading spring. For improved life the scraping edges may be 
chromium plated. 

Rings may have drain holes which allow rapid removal of oil to the back of the ring 
groove from where it can pass through holes to the inside of the skirt. 


CONNECTING ROD 


As the name implies, this rod connects the top and bottom end bearings, facilitating 
conversion of the reciprocating forces on the piston into rotating power in the 
crankshaft. 

Rods are machined from a steel forging shaped at each end to accommodate the 
appropriate bearings. An oil hole is bored through the centre of the rod to allow 
passage of lubricating oil between the bearings — downward in crosshead engines but 
upward in trunk piston engines. The length of the rod is as short as the design allows, to 
limit the overall height of the engine. 

In slow, crosshead type engines the rod acts mainly as a strut under axial loading and 
is made of round section. Modern practice is to forge one-half of the top and bottom 
end bearing integral with the rod. Earlier models had flat palms to which the bearings 
were attached. 

In medium and high speed trunk piston engines the rod is also subjected to 
transverse bending forces from inertia of parts and an I shaped section girder is more 
efficient. Medium speed engine connecting rods may be shaped with a flat flange bolted 
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4.20 Crosshead pin 
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4.21 Two-stroke connecting rod showing crosshead, top and bottom end bearings and 
guideshoes (MAN—B & W) 
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connection, either adjacent to the bottom end bearing or at some point along the length 
of the rod. This allows separation so that the piston may be withdrawn without 
disturbing the bottom end or, conversely, the bearing can be dismantled without 
affecting the top end or piston. This also reduces the minimum headroom required 
above the engine for overhaul. 


ENGINE GUIDES 


These are fitted to crosshead engines and are vertical sliding bearings which locate and 
maintain alignment of the crosshead over the whole length of engine stroke. They are 
subjected to fluctuating load from the transverse components of the connecting rod 
reaction. Guide bars or surfaces are secured to the frames adjacent to the unit and have 
either cast iron or steel bearing surfaces. Guide slippers (or shoes) are attached to the 
ends of the crosshead and may be free to articulate; they are white metal lined with oil 
grooves lubricated from the crosshead. 

Guide clearances must be checked periodically and should not exceed 0.7mm for a 
large engine. Excess clearance will cause noise, wear on bearings and glands, uneven 
loads and fatigue. 


CROSSHEAD 


A crosshead consists of a forged steel block secured to the foot of the piston rod. It 
includes the journal for the top end bearing which acts as a hinge by which the piston- 
thrust is deflected via the connecting rod to rotate the crank. As stated above, the 
transverse component of this force is transmitted to the guides, and the guide shoes also 
form part of the crosshead assembly. Further attachments are required for lubrication 
and cooling connections (Fig. 4.20). 


CROSSHEAD or TOP END BEARING 


This bearing transmits the full gas load from the piston to the connecting rod and 
crankshaft. The load fluctuates throughout the engine cycle. The two-stroke cycle 
causes an almost continuous downward force, tending to squeeze the oil film from the 
underside bearing surfaces. Movement of the bearing is limited by the small angle 
through which the connecting rod articulates and reverses direction during each engine 
revolution. Consequently there is insufficient sliding velocity between surfaces to 
establish an oil wedge or spread an oil film. To distribute the oil over the lower bearing 
surface, oil gutters are cut in an axial direction in the surface of the bottom shell. These 
are spaced closely to allow an oil film to remain between them as the bearing swings. Oil 
holes connect the gutters to the oil supply; they do not extend to the end of the bearing 
but small drain holes may promote circulation of oil for cooling. Gutters are not 
necessary in the top shell. 

Most top end bearings are of the thin-walled shell type (insert bearings) with a steel 
backing supporting low friction materials such as white metal or aluminium-tin alloy. 
The latter will require a superfine surface finish on the journal and an increase in oil 
supply pressure. 

To ensure an ample supply of cool, clean oi! to the crosshead bearings, the main 
lubricating system supplies the crosshead directly by telescopic glands or swinging link 
connections. Excess oil then passes to bottom end bearings, guides and to piston 
cooling. 
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Modern designs have a single bottom half bearing shell over the full length of the 
crosshead which is machined in cylindrical form. A transverse slot at mid-length in the 
top surface has the piston rod flange bolted to it. The top half of the bearing shell and 
keep are similarly slotted to allow clearance of this flange as the bearing articulates. 
Large diameter journals increase the effective bearing area, reducing pressure in the 
lower half and eliminating bending. 

Older crosshead designs used split top end bearings. The foot of the piston rod was 
stepped and threaded to pass through the centre block of the crosshead, being secured 
by a nut at the underside. Two identical bearings were situated, one on each side of this 
block. The connecting rod was either forked or given a large palm to support these 
bearings. This system acted as a simply-supported beam, the heavy piston load at its 
centre causing bending in the supported journals. Heavy, fluctuating pressure was 
concentrated at the inner edge of each lower half bearing leading to fatigue and damage 
in the bearing metal. Uneven wear between adjacent bearings may cause unbalanced 
forces, misalignment and damage to running gear. 

To overcome these disadvantages, flexible bearing supports were fitted allowing 
them to align with the flexing of the journals or pins, reducing the concentration of 
stress at their inner edges. 

An alternative design had the piston rod bolted to the top of the crosshead, which 
was profiled on its lower centre section. An additional bearing pad was placed between 
the palm of the connecting rod and this profile. 


GUDGEON PIN BEARINGS 


In trunk piston engines the function of a crosshead is carried out by a gudgeon pin in 
the piston skirt. The pin is of steel with hardened, polished bearing surface. It may be 
fixed in the skirt or free to float and rotate, with circlips to limit axial movement. 
The connecting rod has a single sleeve bearing bush pressed into an ‘eye’ at its top 
end. The piston load is reversed during the induction stroke of the four-stroke cycle 
and this allows oil to spread over the lower surface of the bearing. The oil supply in 
these engines is made by way of oil holes in the crankshaft to the bottom end and thence 
through the connecting rod. A non-return valve may be fitted in the foot of this rod to 
prevent back-flow of oil under gravitational force at the bottom of each stroke. 


BOTTOM END or BIG END BEARINGS 


These transmit similar loads to those in the crosshead, but there is the benefit of 
continuous sliding movement between crank pin and bearing surfaces which 
establishes an oil wedge and fluid-film lubrication. Large diameter crank pins will 
improve the rubbing speed and the rigidity of the bearing which has its length limited 
by the distance between each pair of webs on the crankshaft. If necessary, the webs can 
be undercut (recessed) to give added length to the bearing, provided the metal 
remaining still meets classification requirements. 

In large two-stroke engines the bearings will be thin walled, with white metal lining. 

Medium speed engines use a variety of thin-wall bearing materials such as 
lead-bronze, copper—lead, white metal, aluminium-tin etc, all of which have good 
fatigue resistance. Thin-wall or insert bearings have steel shells and must be forced 
(nipped) into their keeps to prevent fretting on the back surfaces and to assist heat 
transfer. Harder bearing materials may require a thin, deposited overlay of very soft 
alloy to aid rapid bedding in. They may need larger bearing clearances to allow for 
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thermal expansion, have hardened, polished journal surfaces and an increased supply 
of finely filtered oil. 

Some designs have the bottom end bearing as a separate unit, bolted to the 
connecting rod. This allows the piston and rod to be withdrawn for overhaul without 
disturbing the bearing. It also reduces the height required for removal of the piston. 
Alternatively angled butts may be used. These are situated at an angle to the normal 
transverse position and allow the connecting rod width to pass more easily through the 
cylinder after dismantling. In this case the butts have serrated mating surfaces to 
absorb side thrust and shear when the engine is running. 

Vee type engines have the connecting rods from two cylinders connected to each 
throw of the crankshaft. The most common method is to have each bottom end take 
half the width of the crank (termed side by side). Other arrangements may be 
articulated (master and slave), or fork and blade. 


CRANKSHAFTS 


A crankshaft consists of a number of cranks or throws, which are rotated by piston 
forces transmitted through the connecting rods and bottom end bearings. In-line 
engines have one crank for each cylinder. Every crank is made up of two crank webs 
joined by a common crankpin to which the bottom end bearing is fitted. Each web is 
also connected to a journal to form part of a continuous shaft. A main bearing will 
support the shaft at each journal. One end of the shaft will be flanged to transmit the 
engine power and the other end is termed ‘free’. Gear or chain drive wheels are added to 
drive camshafts and other mechanisms if they need to be synchronised with the 
crankshaft movement. Crankshafts of direct drive engines may incorporate a thrust 
bearing (see below). 

The crankshaft receives and transmits the full working power of the engine and is 
subjected to fluctuating bending, torsion and shear stresses. The material used must 
have high strength, a long fatigue life and form good bearing surfaces. Carbon or low- 
alloy steels are used, depending on size. 

Medium speed and smaller engine shafts are usually manufactured as a solid forging 
and may be made by the continuous grain process. In this a single billet of steel is forged 
with its principal crystal grain in the longitudinal direction. Each crank throw is forged 
from this so that the grain is maintained continuously along journals, webs and pins for 
the whole length of the crankshaft. This process gives improved resistance to fatigue. 

With short stroke engines, solid forged shafts are very rigid. They have overlap 
between crankpins and journals which gives added strength. Oil holes are drilled 
between journals and pins to transmit lubricating oil from the main bearings to the 
adjacent bottom ends. 

Slow running, two-stroke engine crankshafts are too large for a single forging and 
most are of semi-built up construction (Fig. 4.22). Each throw of crankpin with two 
webs is either forged or cast and then machined. Holes are bored in each web to allow 
them to be shrunk on to adjacent journals which have also been forged and machined 
separately. The webs are heated to the correct temperature and then cooled slowly, 
shrinking them on the journals to form a continuous length of crankshaft with correct 
angles between units to correspond with the firing order of the engine. 

Shrinkage fits are well able to transmit the total engine torque without slippage. No 
dowels or keys are ever fitted as these act as stress raisers and initiate fatigue cracks. No 
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4.23 Welded crankshaft for large engine (MAN—B & W) 
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oil holes are drilled in built up shafts. Overlap is not possible since the webs require 
adequate material for strength after the shrink fit holes are bored. 

Large crankshafts can be of solid welded construction. A number of parts are forged 
or cast separately and then welded together to form a complete shaft. Each part 
consists of a crankpin and two webs, with a half length of journal on each web. Parts 
are heat treated and rough machined; they are placed end to end at correct crank angles 
and narrow-gap submerged-arc welding joins them to form complete journals. Post 
heat treatment is followed by finish machining of journals and their central bore holes. 
Welds are stress-relieved and subjected to non-destructive tests. 

Welded crankshafts allow a considerable saving in weight. Webs are of reduced 
width and thickness allowing longer bearing length. Overlap permits large diameter 
journals and pins, reducing bearing pressures. Shafts have a higher natural frequency 
of torsional vibration which improves design. 

Semi-built up shafts are adequate for current engine powers but solid welded shafts 
will give advantages to designers of future generations of engines. 

Specification of materials, shape, size, manufacture methods, heat treatment and 
inspection of all crankshafts must conform to Classification Society rules. Fillet radii 
are machined at each change in section at the ends of pins and journals. 

In large multi-cylinder engines the crankshaft may be made up of two part lengths 
joined at flanges with fitted bolts. 

External balance weights may be attached to crank webs and holes bored through 
large diameter pins to improve rotary balance. 


MAIN BEARINGS Main bearings are required to support the crankshaft at each 
journal. They support the weight of all working parts and are also subjected to heavy 
loads, fluctuating in magnitude and direction. They must be secure, accurately bored 
and aligned to prevent bending in the shaft. Each bearing is loaded by its adjacent units 
and wear rates may not be equal. This must be checked and recorded regularly. 
Weardown can be measured by bridge gauge and by crank deflections. 

Large crosshead type engines use thick-shelled white metal bearings, each supported 
in a transverse girder of the bedplate, giving it rigidity to support the high vertical and 
transverse loads. The top half of each bearing is secured, either by studs and nuts to the 
bedplate, or by jackbolts which transmit downward force from the engine frames. 

Medium speed engines with high maximum cylinder pressures use steel backed thin- 
wall bearings of harder materials such as aluminium-tin. Main bearings are 
underslung from the main frame or block with bolts or studs securing the lower half. 
Horizontal side bolts are fitted to give added transverse rigidity. 


THRUST BEARING Indirect drive main engines it is convenient to position the 
main thrust bearing within the engine. This makes use of the engine bedplate and 
seatings to distribute the propeller thrust to the ship’s structure. It also allows the 
bearing to form part of the engine lubrication system. 

A single collar tilting-pad type of bearing is usually fitted at the drive end of the shaft. 

Smaller engines for gearbox or auxiliary drives do not require a thrust bearing. 
There is little end-thrust generated in the engine and sufficient area on the radii on the 
shaft journals and corresponding main bearing bush ends will locate the shaft in its 
correct axial position. 
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FLYWHEEL High-speed engines or those with few cylinders may be fitted with a 
flywheel, a solid wheel shaped to have high mass and inertia to store energy while the 
engine is running. This energy is proportional to the engine speed squared. If engine 
speed falls kinetic energy in the flywheel must also fall, and some is returned to the 
engine shaft. In this way the flywheel absorbs energy during peak torque and 
acceleration of the shaft and returns it during low torque and deceleration, smoothing 
out fluctuations in engine speed. 

The energy stored by a flywheel of a slow-running engine is limited and its effect is 
negligible compared with the inertia stored in all the other large rotating parts of the 
engine. 

The term ‘flywheel’ may still be used, but in this type of engine it refers to the wheel 
fitted to the end of the crankshaft, external to the crankcase and used mainly to engage 
the turning motor during overhaul. It is also very convenient for marking crank angles 
and top centre positions. 


TURNING GEAR or BARRING MOTOR will be required in order to turn or 
rotate the engine when it is out of operation. It can also be engaged to lock the engine in 
a given position. 

The gear usually consists of a reversible, electric motor drive which can be engaged 
to rotate the engine flywheel through a set of gears. The motor is of limited power and it 
is necessary to open all cylinder indicator cocks to relieve compression while turning 
the engine. The electric load on the motor should be monitored while turning as an 
excessive load may give warning of an obstruction in the engine or propeller system. 

The turning gear must be engaged before working within the engine. Blocking 
devices must be applied—or electric fuses removed—to prevent inadvertent movement 
of the engine before personnel enter to work on it. 

The gear must be disengaged when the engine is prepared for sea and safety cut-out 
devices may be incorporated in the manoeuvring gear to ensure this has been carried 
out. 


CRANKSHAFT DEFLECTIONS 


Misalignment of an engine crankshaft occurs due to wear of main bearings or from 
distortion of the engine bedplate, or possibly from damage to the ship’s structure. It 
can be detected by measuring deflections of crankshaft webs for each unit of the engine. 

If misalignment exists the crank webs will open and close slightly as the engine is 
rotated; this is measured by means ofa clock or dial gauge fitted between adjacent webs 
at a point in line with the outside of the journals furthest from the crank pin. A spring 
extension rod will hold this in position. 

The first measurement is taken with the engine just beyond bottom dead centre 
position with the gauge close to the side of the connecting rod. It is usual to set the 
gauge to zero. The engine is now rotated by the turning gear and stopped at each 
quarter turn where gauge readings are taken as plus or minus values. The final (fifth) 
reading is taken near bottom centre, with the connecting rod on the opposite side of the 
gauge to the first reading. The first and last readings are averaged to use as an 
approximation for bottom centre position. This procedure is repeated for each unit in 
turn. Feeler gauges should be used to ascertain that the crankshaft has not lifted or 
sprung in adjacent main bearings. 
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Crank positions 


4.24 Crankshaft deflections 
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It may be advisable to rotate the turning gear slightly in reverse direction after 
stopping for readings; this will ensure free positioning of the cranks, particularly for 
units adjacent to the turning gear. 

All readings are recorded and these should be compared with previous values, 
preferably with the ship in a similar load condition and at similar temperatures. 

Total deflection vertically and horizontally is calculated for each crank. The vertical 
total will be proportional to misalignment between the bearings due to weardown. The 
horizontal total indicates side wear in the bearings. By plotting all vertical deflections 
for the whole engine it is possible to obtain information as to which main bearings are 
‘high’ and which are ‘low’. This may be assisted by bridge gauge readings from the 
bearings, but these do not take possible distortion of the bedplate into account. It must 
be checked that the journal is in contact with the bottom surface of the bearing. 

Limiting values for maximum deflection are set by engine builders. These depend 
upon the stiffness of crankshaft, engine stroke bore ratio, etc. They indicate the limits 
to which misalignment may be permitted before renewal of bearings and realignment 
are necessary. 

Deflection measurements are readily taken and they relate directly to misalignment. 
They should be taken at regular intervals and when damage to running gear in the 
crankcase, propeller, shafting or ship’s structure is suspected. 

Excessive misalignment will cause bending of the crankshaft and webs with 
fluctuating and alternating stresses, causing fatigue and the possibility of shaft failure. 
It will set up vibration and cause damage to main bearings. 


BEDPLATES 


The bedplate of a large engine acts as the main strength part of its section, providing 
rigid support for the main bearings and crankshaft. It is also a platform on which other 
structural components such as frames or columns and guides may be accurately 
mounted to support the engine cylinders and ensure the alignment of all working parts. 
In high powered engines the bedplate must withstand heavy, fluctuating stresses from 
working parts. It must transmit engine loads, including the propeller thrust, to the 
ship’s structure, distributing these over the necessary area, and may complement the 
ship’s strength and propeller shaft alignment. The bedplate also collects the lubricating 
oil from the crankcase, returning it to the drain tank for recycling. 

Fig. 4.26 shows part of a bedplate for a large crosshead type of main engine. It is 
fabricated from steel plates and castings welded together to form a deep longitudinal 
box structure with stiffening members and webs to give additional rigidity. Lightening 
and access holes are made with compensating sleeves, to maintain lightness with 
strength. Transverse members or girders are fitted between each engine unit and at each 
end of the bedplate. The central section of each is formed by a steel casting shaped to 
support the main bearing and with holes for a pair of tie bolts. The casting has 
substantial butt welds securing it to the main box structure. 

The depth of the bedplate raises its top flange clear of the sweep of the bottom end 
bearing in long-stroke engines, keeping overall width to a minimum. To limit overall 
height, the centre oil pan or sump is lowered and will require a recess in the ship’s 
structure. 

All welding in the bedplate must be to a very high standard, carefully controlled and 
inspected. It must be stress-relieved, shot blasted and tested for flaws. All plate edges 
must be correctly prepared, with double butt welds and complete penetration where 
possible. Plates of different thickness should not be butt welded together. Bedplate 
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flanges are finally machined for landing on support chocks or for assembly of other 
members. 

Fatigue cracks may commence at points of high stress or sudden change in section 
and regular internal inspection must be carried out, particularly after heavy weather or 
damage has occurred. All nuts, including holding down and tie bolts, must be checked 
for tightness and to ensure fretting has not occurred between mating surfaces. 

Earlier engines with lower stroke/bore ratio had bedplates formed by a longitudinal 
box shaped girder at each side joined by transverse girders supporting main bearings 
and tie bolts in steel castings. 


ENGINE FRAMES Fig. 4.27 


In crosshead type engines, frames or columns are used to support the cylinder block 
from the bedplate. These are termed ‘A’ frames because of their shape; they are fitted at 
each transverse girder and at both ends of the engine. ‘A’ frames are fabricated from 
steel plates welded to form a hollow structure on each side. There is clearance to allow 
access to main bearings. Transverse stiffening webs are fitted and flanges added for 
necessary connections. Brackets secure the crosshead guides and other internal fittings. 
Bottom flanges allow the frame to be accurately aligned and secured by fitted bolts and 
studs to the bedplate and transverse girder. The top flange is fitted to the cylinder 
block, scavenge trunk etc. Longitudinal bars and crankcase casing plates are attached 
to the outer edges. Tie bolts pass vertically within the frame; the pre-stressing of these 
maintains the frame in compression at all times. 

In some designs, a number of frames with the crankcase casing are fabricated 
together to form a box before attachment to the engine. 

In medium speed trunk piston engines the main strength member may consist of a 
single frame or block which incorporates the crankcase, bedplate, frames and even the 
cylinder block. These may be formed as a single casting of either grey or nodular cast 
iron machined on all necessary faces. Alternatively they may be fabricated from steel 
plates and castings. Main bearings are under-slung from the frames and horizontal tie 
bolts may add to the rigidity at this position. Typical frames for in-line and Vee engines 
are shown in Fig. 4.29. 


TIE BOLTS or STAY BOLTS 


In most single-acting engines, except opposed piston engines, the main gas loads from 
the cylinder covers are transmitted by long tie bolts. Two bolts are fitted to each 
transverse girder and they pass up through the casting, through tubes constructed in 
the engine frames and entablature to the top of the cylinder block where locking nuts 
are hydraulically tightened to pre-stress the structure, maintaining the cylinder block 
and frames in compression. Transverse locating bolts prevent vibration in the tie bolts, 
which may be assembled in screwed sectional lengths to limit the access and removal 
height. Tie bolt centres should be as close to the crankshaft axis as possible to reduce 
bending stress on the girders and to prevent unbalanced loads being transmitted to the 
welds (Fig. 4.30). 


ENGINE SEATING 


A main engine is secured to a foundation built into the ship’s structure, specially 
designed and stiffened to support rigidly the weight of the engine and the forces 
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generated during operation. Stiffening will extend outside of the engine to allow the 
distribution of stresses through a wider area of structure. The top surface of the tank 
top must be level and shaped to match the engine bedplate base. 

Direct drive engines are jacked up accurately to align the main bearing centreline 
with the propeller shafting. Holding-down bolt holes are then drilled and tapped in the 
tank tops. 


ENGINE CHOCKS Cast iron or steel chocks are carefully machined and fitted 
between the tank top and bedplate. In addition to chocks at each bolt, their total area 
must be sufficient to support the engine. All chocks must be tight when the bolts are 
hardened down (Fig. 4.31). 

Alternatively an approved non-shrink epoxy resin chocking material may be cast 
into the space between the engine and tank top (Fig. 4.32). This is not as strong as cast 
iron, but by filling a larger area and by the intimate matching of surfaces left by casting 
it will give excellent load-bearing and avoid the possibility of fretting which can occur 
with metal chocks. 


79 


ENGINE PARTS 


Side stoppers 


Section Fitted holding-down bolt 


Bedplate 


Metallic chock Tank top 


4.31 Engine seated on metallic chocks (Sulzer) 


HOLDING-DOWN BOLTS or studs are screwed into the tank top and a nut 
fitted and locked underneath. Seals must be used to ensure the integrity of the 
watertight tank tops. Studs will normally have clearance in the bedplate to allow for 
thermal expansion of the engine. In some cases some fitted bolts may be used to 
transmit thrust at the drive end of the engine. 

To improve the resilience of holding-down studs, their unthreaded section may be of 
reduced diameter and the overall length increased. The top nuts are hydraulically 
tightened in sequence to reach the correct tension in the studs and compression in the 
chocks. Nuts must be hydraulically tested and chocks hammer tested at regular 
intervals, and additionally after heavy weather or damage. 

Side and end thrust (transverse and longitudinal) is transmitted through brackets 
welded to the tank tops at the sides and ends of the bedplate. Vertical chocks or 
packing pieces are fitted and locked between each bracket and the engine. Side brackets 
are situated at the ends of each transverse member. End thrust is taken in a similar 
manner. 

Although the main forces are transmitted at the bedplate, further transverse struts to 
secure large engines to the ship’s structure are fitted at upper platform levels. 
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4.32 Engine seated on epoxy resin chocks (Sulzer) 


CAMSHAFTS 


A camshaft is necessary to operate the valves and fuel pumps which contro] the engine 
cycle. Each valve or pump is actuated by a cam follower which rises or falls as the cam 
rotates beneath it. The profile or shape of each cam is designed to give the correct 
timing, speed and height of lift to its corresponding follower. 

High fluctuating forces are set up and cams are made of steel with hardened surface 
to the profile. On large engines they are an interference fit on the camshaft and it is 
possible to adjust or renew them hydraulically. Camshafts may consist of a number of 
part lengths joined at flanges with fitted bolts. The whole shaft must be rigidly 
supported with substantial bearings and adequate lubrication. Some engines have a 
separate camshaft lubrication system to prevent any possibility of fuel leakage from 
pumps passing into the crankcase oil. 

Camshaft rotation must be accurately synchronised with the crankshaft and this 
timing must be checked periodically and after any adjustments or repairs have been 
carried out. 

Vee type engines will require a separate camshaft for each bank of cylinders. 
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Reversible engines may have servomotors fitted to their camshaft to readjust the 
timing of the cams when the engine is to run astern. 

Four-stroke engines require inlet valve, exhaust valve and fuel pump cams for each 
cylinder, and since this cycle is completed in two engine revolutions the camshaft 
rotates at half engine speed. 

Two-stroke engine camshafts rotate at full engine speed. They have fewer cams since 
they do not require air inlet valves, and loop or cross scavenge engines do not need 
exhaust valve cams. 

A camshaft may be assembled from a number of similar part lengths; each will have a 
set of cams for one unit. Part lengths are connected at flanges. Each part length may be 
dismantled separately to simplify overhaul, repair or adjustment. 


CAMSHAFT DRIVES So that they remain in phase with engine timing, 
camshafts are driven from the crankshaft. Camshaft bearings are supported from the 
engine structure in a position convenient to the operating mechanisms that the shaft is 
to control. Choice of this position together with engine size and type will influence the 
camshaft drive system to be used. 

Further engine systems may, in turn, take their drive from the camshaft mechanism. 
These may include starting air distributor, engine speed governor and cylinder 
lubricator pumps. Large long-stroke engines may have a moment balancer fitted. With 
this weights are rotated at full engine speed and in some cases at twice engine speed, in 
synchronisation with the crankshaft. This improves primary and secondary balance. 
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4.33 Camshaft drive systems 


82 


ENGINE PARTS 


Smaller engines may have power takeoff wheels to drive cooling and lubricating 
pumps, air compressors etc. 

Two forms of camshaft drive are in current use. A train of gear wheels is arranged in 
positions and sizes to give appropriate speeds and directions required: these are used in 
most medium speed engines and those in which the distance between shafts is limited. 
Alternatively, a series of sprocket wheels connected by a roller chain may be used. This 
gives a reduction in weight, particularly where the distance between shafts is large. 
Both methods have proved efficient and reliable. Systems for large two-stroke engines 
are shown in Fig. 4.33. 


CAMSHAFT ROLLER CHAIN A roller chain forms a flexible drive, robust 
but light in weight with very small friction loss; it is small in width which adds little 
extra length to the engine. It can accommodate a number of additional driven wheels 
rotating at different speeds or even in opposite directions, and can be used to operate 
engine driven pumps, etc. 

A roller chain consists of alternate pin links and roller links. Each pin link consists of 
two pins riveted between two side plates. A roller link consists of two rollers free to 
rotate on two bushings which are a press fit into two side plates. The pins fit within the 
bushings of two adjacent roller links (Fig. 4.34). Alternate links are all riveted together 
to form an endless chain of correct length. 

Chains have a very high factor of safety to prevent stretching. Any loss in 
tension in the chain will be due to wear while in use. Wear takes place between pins and 
bushings, between bushings and rollers, and between rollers and sprocket wheel teeth. 

Wear in wheel teeth flanks can be checked by a profile gauge while wear in the chain 
is measured by its extension. 

While in place, the extension and loss in tension is indicated by the transverse play in 
the chain span between wheels on the slack side of the drive. The chain is adjusted to 
allow a limited transverse movement approximately equal to one link pitch. 


Bushing 
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4.34 Camshaft roller chain 
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To measure the extension, the total length over a given number of links on the 
longest span, when drawn tight, is measured and the increase is calculated as a 
percentage of the original length of an equal number of links. A chain should be 
renewed when its extension approaches 2%. For a camshaft drive its life should also be 
limited to fifteen years, irrespective of wear. 

In addition to the driver (crankshaft) wheel and driven (camshaft) wheel, a chain 
system will contain jockey and idler wheels. These may be used to alter the direction of 
run of the chain and reduce unsupported lengths of chain. At least one jockey wheel has 
the position of its centre adjustable: it can usually move about a pivot to adjust the 
chain tension. Adjustment may be made by a screw or hydraulic jack arrangement or a 
spring-loaded pulley. The adjustable wheel is usually located on the slack side of the 
chain when going in ahead direction. 

Adjustment is usually limited to the length of two chain links and when this has been 
fully taken up the chain must be shortened by removing two links. To carry this out, 
two adjacent pin links are removed with their common roller link. The ends of the 
chain are then brought together and joined by riveting in a new pin link. On no account 
should an old pin link be riveted a second time: it is always necessary to use a new link. 

After tensioning adjustment the timing of the camshaft must be checked. If this is 
incorrect, the camshaft flange is slackened and adjusted to synchronise the cam timings 
with the crankshaft position. This may be checked either by putting one engine unit on 
top centre position or from corresponding marks on the flywheel. After repositioning 
the camshaft, the flange is retightened. 

When in use the chain is lubricated by means of oil sprayers which direct a 
continuous stream of lubricating oil into the chain bearings. This oil will lubricate and 
cool the bearings and will cushion fluctuating forces. 

Maintenance consists of periodic examination to check wear on the chain, teeth and 
wheel bearings, free any seized rollers, check alignment of wheels by examining for 
bright marks on side plates, and examine for possible fatigue cracks. When renewing a 
chain, it must be ascertained that wheels are in correct alignment and that relative 
positions of wheels and timing are correct. 

Excessive tension on a chain will cause high loads and possible damage, while 
excessive slack will cause vibration, add to cyclic stresses and possibly to fatigue 
failure. 

Where heavy loads are transmitted, duplex chains may be used. These consist of two 
identical matched chains. Any adjustment carried out to one must be carried out 
equally to the other. 
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Operating Systems 


FUEL OIL SYSTEMS 


Marine engines must operate successfully on heavy residual fuel oils which may vary in 
quality and analysis depending upon the source of their crude and the refinery 
processes. Fuels from different sources may be incompatible and not mix successfully: 
it is therefore advisable to store ships’ bunkers from different ports in separate tanks to 
avoid the risk of stratification and formation of heavy sludges. 

Accurate and complete analyses are difficult to obtain but specifications should 
confirm that certain parameters are not exceeded. Samples of the oil delivered should 
be kept for reference. 

Density of the oil must be given (usually measured at 15°C), since the consignment 
will be measured by weight. It will also be necessary to know this to adjust centrifuges 
to give efficient purification. 

Viscosity is required, to calculate temperatures at which the fuel is treated and 
injected into the engine. 

Flash point for the fuel must not be below 60°C, although the actual value need not 
be stated. This minimum is for safety reasons. 

All residual] fuels will contain contaminants, and to protect the engine some of these 
must be removed or reduced. Solid contaminants may consist of rust, sand, dust and 
refinery catalysts (catalytic fines), all of which are abrasives and will cause wear in fuel 
pumps, injectors, cylinder liners, piston rings and exhaust valve seats. Liquid 
contaminants will be salt or fresh water, which may also contain other soluble 
substances; all of these are corrosive. 

Fuel to be used is first transferred from storage tanks to a settling tank in which it is 
heated to allow some water and sludge to settle out by gravity and be drained off. The 
fuel is then passed through the purification system and discharged to a daily tank. 
There are usually two daily tanks, used alternately, one in use while the other is being 
recharged. Settling and service tanks are lagged to conserve heat. 

A recommended standard of treatment for residual fuel to be used in a large engine 
requires two centrifuges of adequate capacity, operating in series. The first acts as a 
purifier to remove water, solubles, sludge etc while the second acts as a clarifier to 
remove solids. The purifier must be fitted with the correct disc or dam to match the oil 
density. The oil is heated before purification (max. temp. 98°C) and the rate of 
throughput is limited to assist efficient separation. Both centrifuges must be cleaned 
frequently. Such systems can operate effectively on oils of densities up to 0.99. 

From the service tanks the treated oil is pumped through a pressurised fuel system to 
the engine. With the oil temperatures necessary for high viscosity fuel, and the 
possibility that a trace of water may still be present, it is necessary to maintain the 
engine pump suctions and circulating connections under pressure to inhibit boiling, 
gasification and cavitation. 
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5.1 Fuel oil pressure system 


The oil first passes to the primary or supply pump which raises its pressure to about 4 
bar; this pressure is maintained in the circulating returns. The circulating or booster 
pump draws oil from the primary discharge, raising its pressure to 10/12 bar and 
delivering it through the heater, viscosity regulator and fine filter to the main engine 
fuel pumps. The heater reduces the oil’s viscosity (see below) for efficient combustion. 
The temperature required will depend upon the oil quality, but to avoid fouling it 
should not exceed 150°C. The fine filter is of stainless steel mesh to filter out particles 
larger than 50 microns (0.05 mm), or less for smaller engines. Filters must be changed 
over and cleaned regularly. 

In large two-stroke engines the fuel injectors will circulate fuel during the periods 
they are not actually injecting it to the cylinder. This ensures the system remains fully 
primed and at uniform temperature. The circulated oil is returned to a buffer or venting 
tank from which it passes either back to the low pressure part of the system before the 
circulating pump suction, or into the service tank. The fuel oil system is shown in Fig. 


All pumps are in duplicate and have safe pressure relief valves fitted. All pipes 
carrying hot oil must be well lagged and fitted with trace heating if necessary. Fuel 
pipes must be clipped and supported to reduce stress from vibration. 

A tank containing diesel oil may be connected to the main heavy fuel system. This 
will allow flushing with light oil before stopping the engine for long periods or for 
maintenance. 

Various safety devices must be included in the system with alarms to detect loss in oil 
pressure, low tank level etc. Quick closing valves which can be operated from outside 
the machinery space must be fitted to all tanks and to the main inlet to the engine. Fuel 
pumps must have remote switches by which they can be stopped in an emergency. 

There must be arrangements for venting and draining the system, cleaning strainers 
etc, but utmost care must be taken. Drain trays and save-alls, where fitted, must be kept 
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clean; all joints must be kept tight with safeguards to prevent the possibility of hot oil 
spraying on to heated surfaces. 

Oil contained in tanks with open drains should not normally exceed a temperature of 
50°C or, if this is lower, may not exceed a temperature 20°C below the flashpoint of the 
oil. 


VISCOSITY OF FUEL When burning heavy fuel oil in a diesel engine it is 
necessary to reduce the high viscosity of the fuel to a value at which correct atomisation 
can take place in the fuel injectors. This will allow intimate mixing of fuel oil with 
heated air for ignition and efficient combustion. Viscosity of a fuel may be reduced by 
raising its temperature and it is passed through a heater to do this. Automatic control 
of the heater may be regulated either to maintain a constant temperature, or to measure 
and control the viscosity. 

It is possible that oils of varying properties are contained within a ship’s bunker 
tanks or even one tank, when its contents are from a number of different sources. 
Consequently it is preferable that the actual viscosity of the fuel is controlled within 
close limits. In most cases this is regulated to have kinematic viscosity between 10 and 
15 centistokes at 50°C (that is 50-70 seconds Redwood No. 1, at 100°F). 

The Viscotherm shown in Fig. 5.2 is an instrument which measures fuel oil viscosity 
at the heater discharge and regulates the heater temperature to control this. It consists 
of a small gear type pump rotated at a slow but constant speed (40 rpm) and is fitted 
within the fuel supply close to the heater discharge. The pump draws fuel from the 
system at a controlled rate and discharges it through a capillary tube. The form of flow 
within a capillary tube at corresponding speeds is such that the pressure difference 
between each end of the tube is directly proportional to the viscosity of the oil flowing 
through it. 

Pressures at the corresponding points are measured with Bourdon tubes and 
compared to read as viscosity. In addition these pressures are fed to a differential 
pressure transmitter which can automatically operate the heater control to maintain 
fuel viscosity within close limits. 
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5.2 Viscosity regulator 
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All parts of the instrument are of stainless steel. In the event of a failure of this 
control an oil bypass valve is included in the system and the temperature may then be 
controlled by hand or by a thermostat. 


COMBUSTION OF FUEL 


The general indications of good combustion are similar in any operating diesel engine: 
a clear exhaust, power produced and exhaust temperatures normal for the throttle 
setting. There should be no uneven running, knocking from cylinders or the fuel 
system. 

Viscosity, or resistance to flow, in a fuel oil is important when considering 
combustion. It must be low enough to ensure correct atomisation at the fuel injector. 
Since viscosity reduces as temperature is increased, it will be necessary to heat heavy 
fuel oil to reduce its viscosity to about 15 cSt at 50°C before atomisation for 
combustion. 

Atomisation is the splitting up of the fuel into very small droplets by the fuel injector 
forcing fuel at high pressure through small atomiser holes. The droplet size will depend 
upon the size of holes and the pressure difference between fuel pump discharge and that 
of the compressed air in the combustion chamber, and consequently the size of droplets 
may vary over the whole injection period. Atomised droplets have a high surface to 
mass ratio giving good heat transfer from the hot compressed air in the cylinder 
causing rapid evaporation and mixing. 

Penetration refers to the distance the oil droplets travel into the combustion space 
before mixing with the air and igniting. This will depend upon droplet size 
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5.3 Combustion of fuel 
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(atomisation), velocity leaving the injector and the conditions within the combustion 
chamber. It is desirable that fuel should penetrate into the whole of the combustion 
space for good mixing, but droplets should not impinge on the internal surfaces before 
burning. The number of atomiser holes and their position will decide the spray pattern. 

Turbulence is the movement of compressed air and fuel within the combustion space 
before combustion occurs. This may have several causes. Swirl is imparted to the air 
during its entry at scavenge ports. It may be further agitated by the fuel spray pattern 
and the shape and movement of the piston crown. Turbulence will improve the mixing 
of fuel and air for effective and rapid combustion. It is particularly desirable for rapid 
combustion of heavy fuels in medium or higher speed engines. 

Fig. 5.3 illustrates these processes. 


COMPRESSION IGNITION is the term used to describe the combustion in 
diesel engines and they are often referred to as compression ignition engines. The 
combustion process may be considered as three consecutive phases. In phase one the 
atomised oil droplets emitted from the fuel valve nozzle into the combustion space at 
the start of injection will evaporate and mix with hot, compressed air and some 
chemical changes will also occur. The mixture will reach an ignitable condition and 
spontaneous combustion will commence. The time elapsed during this phase is termed 
the ignition delay or ignition lag. 

In phase two the ignition and start of combustion will set up a flame front which will 
accelerate through the chamber, enveloping and burning all the other droplets present, 
causing a very rapid generation of heat with a corresponding rise in pressure and 
temperature. 

During the ignition delay, the injector continued to inject fuel and, if this has built up 
a sufficient quantity, the rapid combustion and pressure rise will be quite violent, 
causing detonation, the shock loading creating a noise termed diesel knock. 

Following the rapid pressure rise in phase two, hot, turbulent conditions existing in 
the combustion chamber will ignite and burn the remainder of the measured fuel 
charge as it is injected. This is phase three; it is termed the controlled part of the 
combustion process as pressure is regulated by the rate at which fuel continues to be 
delivered. The cylinder pressure may start to reduce as the piston moves down after 
passing over top centre. 

Ignition quality of a fuel is the term used to denote its ignition delay, combustion 
characteristics and tendency to cause knock. It depends mainly upon the form of the 
hydrocarbon compounds in the fuel and no precise unit has been derived to measure 
this. 

The most usual measure of ignition quality of distillate fuels is the Cetane number. 
This is found by comparison of their ‘knock producing’ properties to those of 
mixtures containing an equivalent percentage of Cetane when burnt ina test engine. A 
high Cetane number indicates a short ignition delay. Cetane numbers are not quoted in 
normal fuel specifications or analyses. Slow speed, two-stroke engines can operate 
efficiently on fuels down to a Cetane number of about 24 but medium speed, four- 
stroke engines normally require a figure above 34; high speed engines need higher 
figures. Another measure which is similar to Cetane number but found from different 
parameters of the fuel, is termed its diesel index. 

For residual or blended fuels the ignition quality can be expressed as a CCAI value 
(calculated carbon aromacity index) or CII (calculated ignition index). The lower the 
CCAI value, the better the ignition quality. A limiting figure of 870 is suggested. These 
units take the viscosity into consideration. 


89 


OPERATING SYSTEMS 


The ignition quality of a fuel is particularly important for ease of starting an engine, 
or when operating at reduced power for long periods. It can be improved by increasing 
the compression ratio of the engine or by pre-heating the scavenge air. There will be 
design or operational limits to both of these. 


VARIABLE IGNITION TIMING (VIT) Ifan engine operates for long periods 
at reduced power or speed, the residual heat in the main components of the combustion 
chamber will decrease, causing a lower air temperature after compression. This will 
lead to an increase in the ignition delay of injected fuel, which will cause knocking or 
‘rough running’ in the engine, with consequent damage from shock loads and poor 
combustion. This problem can be reduced by the use of variable ignition timing to 
advance the start of injection, allowing for the longer delay but maintaining ignition 
timing and the same peak pressure. In large, two-stroke engines, variable ignition 
timing is automatically superimposed on the normal fuel pump setting from the engine 
governor. Additional linkage from the governor will advance each pump setting over 
the range of lower speeds. Fuel pumps are designed to carry out necessary adjustment 
while the engine is running. This control can also be manually regulated to advance 
normal governor settings if it is known that fuel with low ignition quality is to be used. 

In medium speed engines, variable ignition timing is built in by shaping the profile of 
the pump plunger to give an earlier start of injection at lower fuel settings. Manual 
adjustment, advancing the timing for low ignition quality fuel, is fitted on some 
engines. 


PILOT INJECTION This is a system by which fuels with low ignition quality can 
be burnt smoothly and efficiently, even in medium or high speed engines. A small ‘pilot’ 
charge of finely atomised fuel is briefly injected very early during compression. This 
small charge is heated and vaporised, passing through its delay period and igniting just 
before the main charge of fuel is injected. Combustion of the pilot charge will cause 
high temperature and turbulence in the combustion space. This together with its flame 
front will cause the main charge of fuel to ignite and burn smoothly as it is injected. In 
this manner the violent pressure rise usual with these fuels is avoided. Combustion is 
efficient and the peak pressure is limited. 

Pilot injection can be implemented by two different methods. In the first case two 
separate injectors are fitted to each unit; both must be correctly timed. The pilot 
injector has fine nozzle holes to atomise the fuel at a moderate injection pressure and is 
timed to commence before the main valve. The main injector is situated in a position to 
give an effective fuel spray and it injects the main, measured charge at normal fuel 
injection pressure. This system with two valves is sometimes referred to as twin 
injection. 

The alternative method of pilot injection has one injector fitted to each unit. This 
injector is designed to inject the pilot charge with fine atomisation and must also inject 
the main fuel charge. To do this it requires variable nozzle holes and a two stage needle 
valve lift. Fuel pump drive for this system may require specially shaped cam profiles. 


FUEL INJECTORS 


Fig. 5.4 shows a section through a hydraulically operated fuel injector as fitted to a 
large two-stroke diesel engine. The general design is similar for most engines and 
consists of a spring loaded non-return needle valve operated hydraulically by a fuel 
pressure wave from the fuel pump to discharge fuel at high pressure through an 


90 


OPERATING SYSTEMS 


Needle valve 


Atomiser 
holes 


5.4 Fuel injector needle valve and nozzle 


atomiser nozzle. A typical fuel injector will consist of a valve body or nozzle holder to 
which the nozzle or atomiser is secured by a retaining nut. The valve body contains the 
spring and its compression nut, with an intermediate spindle if required. Surfaces 
between the body and atomiser are ground and lapped to form an oil pressure-tight 
seal. A dowel ensures alignment of the oil passages. 

The needle valve is lapped into the bore of the atomiser and these must be kept as a 
matched unit. As shown in Fig. 5.4, there are two chambers in the nozzle, the upper one 
being charged with fuel oil from the fuel pump and sealed by the needle valve when 
closed. The lower chamber, or sac, is sealed by the mitre seat of the needle valve and has 
a number of small atomiser holes of correct size and pattern to atomise and distribute 
the fuel spray into the combustion chamber. 

Injector spring compression is adjusted under test and a compression ring fitted. It is 
set to allow the needle valve to lift or open at a predetermined fuel pressure. The 
intermediate spindle conveys the spring compression to the needle valve and may be 
arranged to limit its lift. The valve will open when the pressure from the fuel pump 
acting on the shoulder of the needle valve overcomes the spring compression. As the 
needle valve lifts, oil flows to the lower chamber in the atomiser. The additional area of 
the needle mitre now subjected to pressure causes the needle to lift rapidly, allowing 
fuel at high pressure to pass through the atomiser holes into the combustion chamber. 

When the fuel pump cuts off pressure, the valve will close under spring compression. 
Since the full area of the needle is now exposed to pressure, closing will occur at a 
pressure lower than that at which it opened. The action of the needle valve must be 
rapid and positive with no oil leakage. 
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5.5 Fuel injector 


A fine edge strainer may be fitted at the fuel inlet and a priming or venting plug is 
fitted to the fuel passage. Valves should be primed if the engine has been out of service 
or during preparation for commencement of a voyage. 

Fuel injectors must be overhauled at regular intervals to ensure correct operation 
and combustion. The injector compression spring must be screwed back before 
slackening the retaining nut. Parts are cleaned, inspected and renewed if necessary. 
Lapped surfaces must be free of damage and correctly aligned, springs inspected for 
distortion, atomiser holes must be clear and unworn. Defects in injectors, while in use, 
may be choking due to dirt in the fuel or carbon building up at the atomiser. A leaking 
needle valve will cause secondary burning and reduce combustion efficiency. 

After assembly the injector is tested with a test pump. Operating pressure and fuel 
spray pattern are checked and there must be no leakages. 

Fuel injectors are inserted into pockets in the cylinder cover and must form a gas- 
tight joint at their lower landing. They are secured by studs and nuts. 
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Fuel pipes between pumps and injectors are subjected to extremely high internal oil 
pressure with cyclic pressure fluctuations which also cause vibrations. The pipes and 
their connections are therefore subjected to considerable stress and fatigue. Failure 
may cause a very dangerous spray of high temperature, atomised oil which is both a 
health hazard and a fire risk. Where such pipes are exposed, they should be enclosed in 
a double skin tube. The outer skin will collect any oil leakage and return it to a safe 
place. 

Medium and high speed engines may be designed with the whole fuel pump system 
enclosed within protective casings. Some engines have the fuel pipe to the injector 
placed in a passage cast within the cylinder cover to the valve pocket. 

When burning heavy fuel the injectors will require to be cooled. In many engines this 
is accomplished by circulating water or oil through additional passages in the injector 
assembly. Due to the risk of contamination of this coolant with fuel, an independent 
system is required. If atomiser tip temperatures are too high, carbon may form and 
impede the spray; at high or low temperatures, corrosion may occur. 
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5.6 Uncooled fuel injector (MAN—B & W) 
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The design of modern two-stroke engines ensures the injectors are adequately cooled 
by the transfer of heat to the surrounding bore-cooled cylinder cover. Each injector is 
also fitted with a spring-loaded circulating valve which permits hot fuel at the 
circulating pump pressure to pass through passages in the valve body before returning 
to a buffer tank in the oil system. This maintains the valve at the correct temperature at 
all times, allowing the engine to be manoeuvred on heavy fuel. The high pressure wave 
of the engine fuel pump immediately depresses the spring, ensuring that the circulating 
passages are sealed off before the high pressure lifts the needle valve and injects fuel 
into the cylinder. A fuel valve of this type is shown in Fig. 5.6. 

The ideal position for a fuel injector is in the centre of the cylinder cover, allowing a 
symmetrical, conical spray pattern in the combustion chamber. This is achieved in 
most four-stroke engines. In large engines with a centrally placed exhaust valve, 
injectors (usually three) are placed symmetrically around the cover and charged from a 
common distributor connection to inject equal quantities of fuel simultaneously. 

Engine fuel systems are designed for normal working conditions. If an engine is run 
for long periods at low power, combustion may be inefficient, leading to fouling and 
possible wear. When long periods at low power are anticipated a set of low-power 
injectors may be fitted which have reduced orifice area giving high atomisation and 
peak pressure. It may also be necessary to adjust fuel pump timing. Engines with 
variable ignition timing fitted can adjust to low powers automatically. They may also 
be fitted with fuel injectors which maintain high efficiency over a wide range of 
operating conditions, including slow speeds. 


FUEL PUMPS 


Fig. 5.7 shows a Jerk type fuel pump. This type of pump with small variations is used in 
many diesel engines. One is fitted for each cylinder. The pump consists of a cam- 
operated, single acting plunger of fixed stroke. Helical springs are fitted to return the 
plunger on its down stroke and to maintain contact of follower on the cam. 

No timing valves are required and fuel delivery commences at a fixed point on the up 
stroke when the top edge of the plunger blanks off the suction port. A helix or scroll is 
machined on the plunger and delivery of fuel ceases on the up stroke when the curved 
surface of the helix uncovers the suction port. This allows fuel pressure above the 
plunger to fall to the suction pressure through a vertical slot or hole. 

The quantity of fuel delivered is regulated by the vertical length of the helix where it 
is in line with the suction port. This setting may be altered by rotating the plunger. 

A rack is fitted to the pump to engage with a pinion machined on the outside of a 
sleeve. The sleeve fits over the plunger and has slots engaging with keys. In this way the 
plunger may be rotated by movements of the rack (Fig. 5.8). 

The fuel cam is designed to raise the plunger at the rate required to build up fuel 
pressure and maintain this for the corresponding period to operate the fuel injector. 
Since the pump only discharges on its up stroke, only one flank of the cam operates the 
timing. The trailing flank of the cam returns the plunger to the bottom of its stroke to 
allow the chamber to refill. 

Timing is controlled by the relative angular position of the cam peak to the 
crankshaft. It can be adjusted by moving the cam with respect to the shaft. Further 
adjustment is made by raising or lowering the pump plunger with respect to its 
follower. Raising the plunger will make cut off of the fuel suction port and 
corresponding fuel injection early, while lowering the plunger will make these later. 

Alternatively, the fuel pump casing itself may be lowered or raised on its mounting to 
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5.9 MAN—B & W fuel pump with variable ignition timing 


give the corresponding effect. The plunger must maintain sufficient clearance at the top 
of its stroke. 

Oil supply to the pump suction is by means of a continuously operating supply or 
surcharge pump which causes flooding of the fuel pump chamber as soon as the suction 
port is uncovered by the plunger. 

In some pumps, a non-return spring-loaded discharge valve is fitted. This is arranged 
to reduce pressure on its discharge side as it closes, ensuring positive seating of the fuel 
injector needle and reducing cavitation within the pump. 

A priming or vent plug is fitted to the discharge. 

Possible faults in a fuel pump include wear of parts, such as plunger and barrel. 
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5.10 Sulzer valve-controlled fuel pump 


These surfaces are a close fit, the small clearance allowing some leakage to lubricate the 
plunger. Larger clearances are necessary for the higher temperatures when burning 
heavy fuel. Care must be taken that no leakage from the pumps can enter the camshaft 
lubrication system as this may lead to fuel contamination of the crankcase. Other faults 
may be erosion of suction port or plunger surface. Cam timing and relative position of 
plunger should be checked periodically. 

Fig. 5.9 shows a fuel pump for an MAN—B & W MC type engine. It operates on the 
same principle of control by a helix on the plunger but has further adjustments which 
make it possible to regulate the injection timing during operation of the engine. The 
pump barrel is able to be moved within the pump casing and hot oil is circulated 
between them. It also permits the barrel to be raised or lowered by means of a second 
rack which rotates a coarse-threaded sleeve attached to the lower end of the barrel. 
Movement of the barrel will alter the timing of the start of injection and this can be 
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advanced to improve combustion of low quality fuel or at low power. The variable 
ignition timing linkage allows individual fuel pumps to be adjusted if required; it can 
also be linked to the engine governor control to adjust all pumps collectively. A shock 
absorber is fitted to the pump chamber. The follower is raised to cut off fuel. 

During the part of the cycle when the pump is not injecting high pressure fuel, hot oil 
at the circulating pump discharge pressure passes through to circulate the injectors. 

Fig. 5.10 illustrates a valve-timed fuel pump as used in large Sulzer RTA engines. 
The pump plunger is raised and lowered by a follower on the cam. Spring-loaded 
suction and spill valves control oil to and from the pump chamber and each of these can 
be opened by lifting it from its seat by a pushrod moved by a lever operated from the 
plunger drive. Pivot points of the levers are positioned so that one pushrod moves up as 
the plunger rises while the other pushrod moves down. 

From the bottom of its stroke the plunger is moved upwards, the spill valve is closed, 
but the suction valve is held off its seat by its pushrod. No high pressure oil delivery 
takes place until the suction valve is able to seat as its pushrod moves down. From this 
point oil pressure is raised and injection continues as the plunger continues its up 
stroke. The spill valve pushrod will force it off its seat, releasing the oil pressure and 
ending injection. A non-return valve prevents loss of oil from the discharge. The 
plunger chamber is recharged during the downward stroke. 

The pivots of the levers are eccentric and by rotating these the timing can be altered. 
Under normal operation the suction valve timing and start of injection is fixed, while 
spill timing is used to control the power. 

Variable ignition timing has links which superimpose control on the suction valve 
pivot, giving adjustment of the start of injection according to fuel quality. 

Circulating oil passes through the pump during the period for which it is not 
injecting. The pump follower is lifted clear of the cam to shut off fuel. 


LUBRICATING OIL SYSTEM 


Fig. 5.11 shows a lubricating oil system for a large main engine. Pressure pumps, 
strainers and fine filters are in duplicate, one set being used while the other acts as 
standby. Fine filters should be capable of being cleaned without interruption of the oil 
flow. Mesh size will depend upon the bearing materials and clearances: in most large 
engines it is 50 microns. Capacity of the system must be adequate for the type of 
installation. If the engine has oil-cooled pistons the capacity and throughput will be 
increased accordingly. 

Lubricating oil pressure pumps draw oil from the engine drain tank through suction 
strainers, the tank suction being clear of the lowest point to avoid picking up any water 
or sludge which may have settled. The pumps discharge at pressure through the oil 
cooler, ensuring that sea water at its lower pressure cannot leak into the oil system in 
the event of a fault in the cooler. The oil then passes through the fine filters to the 
engine. It will be distributed to all bearings, piston cooling, sprayers, exhaust valve 
actuators, control systems etc. 

Various sections of the lubricating system may require different pressures and to 
accommodate this engine driven booster pumps may raise the supply pressure, while 
pressure reducing valves and restricted orifices may reduce pressure or flow to other 
parts. 

Used oil drains to the bottom of the crankcase and passes through strainers by 
gravity to the drain tank. Drain returns are kept remote from the pump suction and 
must be submerged to reduce aeration and to make a safe seal. With oil-cooled pistons 
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5.11 Lubricating oil system 


each piston oil return has its temperature monitored and it then passes through a sight 
glass before returning to the crankcase. 

The oil drain tank is usually built into the ship’s double bottom but it must be 
surrounded by a coffer dam to prevent any contamination from leakages. It is fitted 
with an air vent, level measuring gauge and sounding pipe. Central positioning of the 
level gauge will reduce fluctuation in readings due to pitching and rolling at sea. The 
tank must be of sufficient size to accommodate the full charge of oil. Its interior 
surfaces may be coated to prevent rusting due to condensation on its non-flooded 
surfaces. The system should also have low pressure, high temperature and low tank 
level alarms fitted. 

A bypass centrifuge system is fitted to purify oil from the drain tank to remove water, 
sludge and insolubles. This should be operated continuously at sea with a slow 
throughput, the oil being preheated to 70-90°C to assist separation. 

When the engine is not in use batch purification of the whole charge may be carried 
out. It is most important that water content in the oil is eliminated or kept to a 
minimum. 


CRANKCASE OILS 


Extensive demands are made on oils for lubricating systems and their specifications 
may differ according to the type of engine and the fuel used. In addition to lubricating 
and cooling the bearings, the same oil may be required to lubricate piston rings and 
cylinder liners, and neutralise acids entering the crankcase in trunk piston engines. It 
may be required to act as the cooling medium for hot surfaces within pistons, and must 
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tolerate high pressures in gear or chain drives and cams, and even high-speed bearings 
in turbochargers. The oil may be used as a hydraulic fluid in exhaust valve actuators, 
pressure control systems and servomotors. 

System oils must inevitably contain additives to improve their properties and 
prolong their life. Additives are chemical compounds which mix with the oil’s 
molecular structure so that they do not separate out during storage, use or treatment in 
purifiers and filters. Their properties will be depleted with use, however, and to 
minimise this it is necessary to limit maximum temperatures, thermal cycling and 
contamination in the system. Topping-up with fresh oil to replace that consumed will 
help to maintain a stable crankcase oil condition. 

Oil for engines operating on residual fuels must be alkaline. For crosshead engines 
10 to 15 TBN (SAE 30) oils should be adequate, but for trunk piston engines up to 40 
TBN (SAE 40) is used depending upon the sulphur content of the fuel. 

Besides correct alkalinity and viscosity, oils require rust and oxidation inhibitors, a 
high viscosity index, detergent/dispersant properties, water repellants, and must resist 
foaming and emulsification. 

To monitor its condition, oil samples must be taken from the working system at 
regular intervals and sent to an oil laboratory for detailed analysis, which will give 
information on oil condition and depletion of additives. It may also assist in 
diagnosing engine faults and advice on any remedial measures may be given. General 
trends in condition are important, but any sudden changes or losses must be 
investigated immediately. 

A number of simple oil condition tests may be carried out on board ship with 
portable equipment. A flashpoint test will warn of possible fuel oil contamination. 
Colour titration tests can indicate loss in alkalinity. A variety of viscosity tests are 
available. Water present can be detected, but special equipment is required if actual 
percentages are to be measured. Inspection of the sludge/water discharge at the purifier 
will give a good indication of condition. In blotter tests the slow migration of a drop of 
oil on blotting paper will indicate the oxidation, carbon present and dispersive 
properties when compared with similar drops of fresh oil. 


MICROBIAL DEGRADATION OF OIL is the possible infection of an oil 
system by micro-organisms. These live by consuming hydrocarbons in the base oil 
together with nitrogen, sulphur and phosphorus from additives. If water is present they 
will multiply rapidly in the warm, agitated conditions in the oil system. Contamination 
may occur from cooling water leaks, condensation in humid climates or accidental 
entry of dirt and water during overhaul. 

Infection by micro-organisms will form organic acids and more water while 
depleting the additives. This will cause corrosion and wear of metal surfaces 
(particularly bearing metals), and will create sludge and slime that choke oil filters. The 
oil may be prone to emulsification and saponification. 

Tests for microbial infection make use of a special gel which is either dipped in the oil 
or has oil poured over it and is then incubated to develop a growth or culture. The 
appearance of this culture is then compared visually with a standard coloured chart, to 
indicate the degree of contamination if any. If the oil does not wet the gel, it may be 
necessary to mix the sample with a small quantity of sterile water. 

Contamination does not commonly occur if cleanliness and care are exercised and 
water is eliminated from the system. Recommendations are that a maximum of 0.2% 
of water content must not be exceeded when using detergent oils. 
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FRESH WATER COOLING SYSTEMS 


Slow and medium speed engines use fresh water to circulate and cool the cylinder 
jackets and covers. The same system may also circulate exhaust valves and water 
cooled turbochargers if fitted. 

In large, slow engines the cooling water pumps are independently driven and 
controlled. Pumps are arranged in duplicate, each being sufficient to operate the system 
alone while the other acts as standby. They should be changed over regularly. Pressure 
relief valves are fitted and alarms to give warning of pressure loss, high or low tank 
levels or excess temperature. 

Fresh water coolers are circulated and cooled with sea water and have bypass valves. 
Pressure of the fresh water must exceed that of the sea water to prevent any possibility 
of sea water leakage into the system. 

In medium speed engines the fresh water cooling system may be split, or comprise 
two sections. Each incorporates a pump, salt water circulated cooler, temperature 
regulators and bypass valve. Pumps are usually main engine driven. A high 
temperature section circulates the cylinder jackets, covers, exhaust valves, the 
turbocharger and the first stage of the charge air cooler. This section can be regulated 
to maintain a fairly constant high temperature, irrespective of the engine speed or load. 
An additional electric driven pump and a pre-heater are included to facilitate warming 
of the engine before starting from cold. A low temperature section circulates the 
lubricating oil cooler and the second stage of the charge air cooler. At low speed or 
power, the temperature regulator in this section directs heat from the lubricating oil 
cooling to be used to raise the temperature of the charge air before it enters the engine. 

Fresh water may cause the deposit of scale on heated surfaces and although 
demineralised or distilled water will prevent this, it may still cause pitting and erosion 
and become acidic with use. Corrosion inhibitors and alkaline agents are added to the 
system to protect metal surfaces. They must be soluble in water, but cannot be 
poisonous if a domestic fresh water generator is present in the system. 

Chemical additives such as nitrite-borates may be used; they create a thin passive 
oxide surface layer on most metals. They do not harm water seal rings but will attack 
any zinc present. With this treatment, therefore, no zinc anodes are fitted; galvanised 
piping and all solder joints must also be avoided. A reserve concentration of the agents 
is held within the water and this replaces any areas of surface layer which may have 
been removed by cavitation or vibration. Frequent tests must be carried out to check 
the concentration and alkalinity. 

Soluble emulsion oils may be used in high speed engines, provided they do not have 
small cooling passages such as those used in water-cooled exhaust valves. These oils 
form a greasy protective film which adheres to surfaces and prevents corrosion. Its 
tenacity gives better protection against cavitation than chemical additives. Emulsion 
oils must be maintained within close concentration limits and the system kept clean: 
any contamination causes deposits to build up, with the risk of choking of passages 
causing overheating. The oil deteriorates in time and the system should be cleaned and 
recharged annually. 

It is possible for micro-organisms to exist in water containing either of these 
additives. Any biocide added to kill these micro-organisms must be compatible with 
the domestic fresh water generator if one is fitted. 

Fig. 5.12 shows line diagrams for fresh water cooling of cylinder jackets and pistons 
in a large two-stroke engine. These are in fact separate systems and only the jacket 
water cooling is required for engines which have oil-cooled pistons. 
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5.12 Fresh water cooling systems 


JACKET COOLING WATER SYSTEMS form a closed circuit. Water 
passing from the engine returns through a cooler to the pump suction and then back to 
the engine (the order between cooler and pump may be reversed in some systems). A 
header or expansion tank is placed at a reasonable height to allow venting and 
pressurising of the system. This is connected to both the engine discharge and the pump 
suction lines. A heater is included, with a bypass, and the system can warm the engine 
through when necessary. Alternatively, auxiliary engines’ fresh water systems may be 
coupled, to use waste heat from these for warming the main engine during stand-by 
periods. A fresh water generator may be added to use further waste heat. 

Cooling water enters at the lower end of the cylinder jackets, passing up to 
connections from the top of the jacket to the cylinder covers and then to the exhaust 
valve cages and seats. A restricted amount of water is taken from this discharge and 
passes through the turbocharger cooling spaces, returning to the main discharge 
through a baffle which creates a pressure difference in the line. An air separator is fitted 
in the return and this discharges any trapped air to the expansion tank. Other venting 
connections are taken from the top of the engine system, the turbocharger and the 
cooler. 


PISTON COOLING WATER SYSTEM is also shown in Fig. 5.12. It is 
independent of the jacket system, allowing piston temperatures to be higher and 
preventing possible contamination of the jackets in the event of piston gland leakage 
passing lubricating oil to the system. The circulating pump draws water from a drain 
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tank, passing it through a cooler to the piston cooling inlet glands. Cooling returns 
pass through sight glasses and thermometers before flowing by gravity to the drain 
tank. Air vents are fitted at high points adjacent to the glands to eliminate ‘water 
hammer’. Leakage from glands may be drained back to the tank after passing through 
an oil separator and inspection chamber. A heating coil fitted in the drain tank allows 
heating when warming through the engine in preparation for sea. 

Fuel valve cooling systems may be fitted as a separate fresh water system. A heater 
can be incorporated in these to warm fuel injectors before starting on heavy fuel. 


STARTING AIR SYSTEM 


Fig. 5.13 shows a starting air system for a large two-stroke engine. Clean, dry, 
compressed air at starting pressure (30 bar) is stored and supplied to the system from 
air receivers. The main starting valve (automatic valve) is operated by a pneumatic 
actuator, and similar actuator controls are fitted for slow-turning and to the 
distributor or timing valves. The main starting valve can be locked shut and this must 
be done before the engine turning gear is engaged. When this valve is open, air passes 
through a non-return valve and flame arrester to the main manifold supplying pressure 
to the cylinder valves, one of which is fitted to each cylinder of the engine. 

The cylinder air start valves are normally held closed by a compression spring 
together with cylinder pressure acting over the valve lid. Air from the manifold enters 
these valves where it forms a pressure balance between the underside of the valve lid 
and a balance piston of equal area on the valve spindle. Consequently this does not 
cause the valve to open. 
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5.13 Starting air system. Drains not shown in diagram 
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Cylinder valves are opened when operating air, transmitted from the distributor, 
applies pressure to the larger operating piston on the valve spindle. As the valve is 
forced open, starting air from the manifold enters the cylinder, applying pressure on 
the piston and causing the engine to rotate in the corresponding direction. To close the 
cylinder valves the connection from the distributor is opened to atmosphere, allowing 
the spring to close the valve and return the operating piston. 

Air from the main valve also passes through two connections to the distributor. One 
depresses each timing valve in the distributor from its free position to engage it with the 
timing cam. This line can be blocked for test purposes or by safety cutouts. Until air 
pressure is applied, the timing valves are held clear of the cam by springs. 

The second connection supplies air to the operating ports, from which it will pass 
through any timing valves which are open, to the corresponding cylinder valves, 
causing them to open. Air from the manifold will then enter that cylinder to start the 
engine. The timing valve for each cylinder is synchronised with the engine position and 
successive valves operate in the firing order. 

On large engines a slow-turning valve can bypass the main starting valve and will 
supply just enough air to rotate the engine slowly. This is used to turn the engine 
through one revolution while the indicator cocks are kept open, when preparing for 
sea. At any subsequent time, if the engine has not been used for about half an hour the 
slow-turning valve should be used to turn the engine slowly for one revolution before 
opening the main valve for a normal start. 

Starting air is shut off from the engine as soon as sufficient starting speed has been 
reached; fuel is then applied and engine speed increased. 

A mainengine must be capable of starting from any position and it is normal to have 
starting valves in each cylinder. Multi-cylinder Vee type engines may only require 
starting valves to be fitted to one bank of cylinders. 

Adequate drains must be fitted to the air start system to keep it free of oil or water. A 
safety or relief valve is fitted to the main air manifold. Flame arresters or bursting caps 
or discs must be fitted to each cylinder valve connection from the manifold in reversible 
engines. Non-reversing engines require one only, fitted between the non-return valve 
and the engine. 

Checks must be made that cylinder starting air valves do not leak. These can be 
carried out while the engine is running by feeling the temperature of the air pipe 
adjacent to the valve (see Chapter 7 on explosions in air start systems). Tests while the 
engine is stopped require starting air to be applied and the main valve opened, after first 
blocking off air to the timing valves. Pressure will escape into the cylinder of any 
leaking air valve and this can be detected by listening at the open indicator cock. 


STARTING AIR RECEIVERS are required to store compressed air for starting 
and manoeuvring main engines, for starting auxiliary engines, and to supply 
pneumatic control systems, exhaust valve air springs, air whistle and other auxiliary air 
pressure systems. Air is normally stored at pressures up to 30 bar for the main engine 
starting. Reducing pressure valves are fitted to regulate lower pressures for other 
systems. 

Two receivers are fitted and their total capacity must be at least sufficient to obtain 
the regulation number of engine starts without recharging: 12 starts required for 
reversible engines, 6 starts for non-reversing engines. Receivers are welded from good 
quality steel, cylindrical in shape with dished ends. They must meet all regulations and 
tests for pressure vessels. Compensating rings are necessary where any openings have 
been cut. Welds must be stress-relieved and subjected to non-destructive testing. An 
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acceptable welded attachment for fitting a valve manifold to a receiver is shown in Fig. 
5.14. 

The usual fittings required to a main starting air receiver are: safety valve, pressure 
gauge connection, drain valve, filling valve, discharge to engine air starting main, air to 
ship’s whistle, auxiliary systems, pneumatic control system, etc. Although each 
connection may be made separately to the shell of the receiver, it may be preferred to fit 
a valve manifold with only one common connection to the shell. 
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5.14 Air manifold connection 


The safety valve must be set to relieve the receiver of excessive pressure rise and must 
have sufficient area to prevent accumulation of pressure from any reason. The pressure 
gauge connection must be in direct communication with the internal pressure 
irrespective of other valves being open or closed. The drain will remove the contents 
from the lowest point in the receiver and should be of sufficient size to prevent choking. 
If it is possible to isolate the safety valve from the receiver a fusible plug must be fitted 
to release pressure and discharge the receiver in the event of heating due to a fire in the 
vicinity. The fusible plug should have a melting temperature of 150°C and a connection 
must be made to discharge the contents in a safe manner. 

All stop valves should be slow-opening valves to prevent sudden buildup of pressure 
when connecting any pipe system. 

The filling connection from the air compressors must be independent of all others. A 
manhole must be fitted for access to allow internal inspection and cleaning. This should 
be either fitted to the cylindrical shell with its minor axis arranged longitudinally or else 
situated within the dished end. A flat internal joint face is made for the manhole door 
gasket (Fig. 5.15). 

Care must be taken when filling the receiver that the air supplied is free of oil or 
moisture and is not of excessive temperature. Drains are fitted on the filling lines and 
these should be open when not under pressure; they are closed after the start of filling, 
opened periodically during filling, and opened again when filling is complete. Similarly 
drains are fitted and used in discharge lines. The drain on the receiver should be ‘blown’ 
periodically and particularly before using air from the receiver. Discharge from the 
drain should be observed to give an indication of conditions within the receiver and 
also the possible carryover from compressor discharge. Discharge valves should be 
opened slowly to prevent shock waves in pipelines, and drains should be open while 
this takes place. When air is being used from the receiver the pressure should not be 
allowed to fall too low in case an emergency should arise. In most starting systems, 


105 


OPERATING SYSTEMS 


Manifold 


5.15 Starting air receiver 


unless manoeuvring the main engine, one receiver is kept closed at full pressure while 
the other is in use. 

When opening up the receiver for maintenance, care must be taken to ensure that it is 
isolated by locked valves from any pressurised part of the system and that internal 
pressure is completely discharged before opening the manhole door. This door is 
opened inwards and, if undue force is required, it should be confirmed that no pressure 
remains in the receiver. 

Before entering the receiver its interior must be well ventilated and at least two closed 
stop valves should be situated between the receiver and any pipeline under pressure. 

Internal cleaning must be thorough and care taken to avoid debris entering 
connections. It is usual to overhaul all fittings while cleaning takes place. Careful 
inspection must be made for possible internal corrosion. 

Before applying protective compound all surfaces must be clean and dry and 
connections plugged. Many compounds give off noxious fumes and great care must be 
taken in confined spaces: protective clothing and goggles should be worn and a second 
person outside the manhole must keep watching in case the person inside is overcome. 
The compound must be allowed to dry thoroughly, plugs must be removed and all 
connections cleared before boxing up the receiver and recharging. 


STARTING AIR COMPRESSORS are required to charge the starting air 
receivers and supply compressed air for a variety of uses. Safety regulations demand at 
least two compressors, each capable of supplying all demands. One must have an 
independent drive for emergency use. With the high pressures demanded and to obtain 
the best efficiency at full or part load, reciprocating compressors are invariably used. 
These are generally two-stage compressors, electrically driven. 

Pistons for each stage may be arranged in line, either as trunk pistons or with 
crossheads. Alternatively, to reduce size and weight, a tandem arrangement with one 
piston mounted above the other and driven from a common crank may be used. An in- 
line two-stage trunk piston compressor is shown in Fig. 5.16. It can be seen that the 
second stage (h.p.) piston is smaller than that for the first stage (l.p.). This is to 
accommodate the corresponding reduction in the volume of air with a common piston 


106 


OPERATING SYSTEMS 


2nd. stage Cylinder Ist. stage 
valves cover valves 


Intercooler 
header 


Ist. stage 
piston (aluminium) 


Drain 


AN) ccuncacet! Son 
rin ae 


A 
4 
A\ 

ze 


2nd. stage 
piston 
(cast iron) 


Crankshaft 


Perzz7zzt) 


H 


` 


Flywheel 


N 
t 
ES u Ey ‘ 
s EIN Saree be AEH 


Water pump 
Oil pump Strainer 


5.16 Air compressor 


stroke. Compression and oil control rings are fitted to each piston; cylinders and covers 
are water cooled. 

Each stage has light, spring-loaded non-return suction and delivery valves of low- 
inertia stainless steel plates. Limited lift reduces hammering and will create high air 
velocity to maintain cleanliness. 

Water cooled heat exchangers are fitted to act as an intercooler, which cools the air 
after first stage compression, and an aftercooler to cool it again after the second (final) 
stage. Both cooler discharge headers have pressure relief valves and drains. The 
maximum air temperature at compressor discharge must not exceed 93°C and a fusible 
plug or alarm may be fitted. 

The compressor intake, which has an air filter, should be placed in a position free of 
any oil vapour. Compressors should be started with all drains open, the drains being 
operated intermittently during running and opened again on shutting down. 

The crankcase must meet normal regulations for pressure relief and will hold the oil 
reservoir and self-contained oil pump. 

Automatic controls for compressors and their drains may be fitted. 


OVERHAULING Before overhaul the maker’s handbook should be read and 
any special instructions must be adhered to. Ensure that all air receivers are fully 
charged and that remaining air compressors are operational. This will provide for any 
possible emergency in which compressed air is required. 

The compressor for overhaul is now isolated with electric switches off and fuses or 
circuit breakers out. Discharge valve and all cooling water connections are shut. The 
precise order for dismantling will depend upon compressor design and only a general 
description is given here. All parts should be cleaned upon removal and carefully 
inspected for signs of wear, damage or maloperation. 
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Crankcase is opened and drained, oil strainer and internals cleaned. Lubricating 
pump overhauled and clearances checked. Cooling water spaces are drained, opened, 
cleaned and inspected. Corrosion fittings are renewed if necessary. Cooling water 
pump, glands and bearing are overhauled, water strainer cleaned. Air suction filter is 
cleaned, suction and discharge valves for each stage are dismantled; valves, cages, 
springs and seats are checked and renewed as necessary. When dismantling or boxing 
up valves, ensure that set bolts for locating valve cages etc are slackened back while 
cover nuts are tightened. Inspect valve pockets for signs of excess oil carryover. 

Remove cylinder covers, dismantle bottom end bearings and draw pistons with 
connecting rods. Clean, inspect and gauge piston, compression and oil control rings 
and renew rings if necessary. Clean, inspect and gauge cylinder liners. Remove 
gudgeon pins after checking clearances. Examine bearing surfaces: bearings should be 
renewed if excessively worn. 

Overhaul bottom and end bearings, check clearances and journal surfaces. These 
bearings are usually of the thin-wall type and should be renewed if unduly worn. Oil 
holes and passages must be checked and bearing shells must have a good nip in the 
keeps. Clearances are taken by inserting feeler gauges or by jacking the bearings and 
measuring lift by a clock gauge. 

Main bearings are dismantled, inspected and weardown checked. Shaft may be 
turned by hand tocheck alignment. All lubrication connections must be clear and pipes 
secured. If a drive chain is fitted for pumps, this should be inspected. Before boxing up 
cylinders and crankcase, the piston end clearances must be checked at top dead centre 
positions. 

Intercooler and aftercooler must be opened up. Water spaces should be cleaned and 
examined for corrosion and relief valve or bursting disc checked. Air side is opened up, 
cleaned and inspected and tubes cleaned internally. Drain pockets are cleaned. Drains, 
relief valves and discharge valve should be overhauled. 

If a cylinder mechanical lubricator is fitted, this should also be cleaned and 
overhauled together with the lubricator points in the cylinder liner. 

Holding-down bolts and shaft coupling bolts should be checked for tightness. It is 
assumed that the compressor motor will also have been overhauled. 

After boxing up all parts, cooling water may be applied. Ensure adequate venting 
and that all parts are completely filled. Check for water leaks. Recharge crankcase with 
fresh oil up to the required level. The compressor should now be barred over or turned 
by hand with drains open. If this is satisfactory, connections can be remade and the 
compressor run for ten minutes with drains open. Stop and feel round all bearings and 
coolers. If satisfactory restart compressor, check drains for excess oil, check all 
temperatures and pressures together with electrical load. Drain thoroughly before 
returning to service. Check all pressure gauges when discharge pressure has built up. 
Check vents from water spaces. If automatic controls are fitted, these must be tested 
and put into service. Check automatic pressure or temperature cutouts or alarms, 
together with remote reading pressure gauges. 


MULTI-STAGE COMPRESSION Dividing the total compression of air 
between a number of stages gives several advantages. For normal air start pressures we 
only require two stages, but for higher final pressures more stages would be used. Air 
temperature rises during compression and multi-staging allows the air to be passed 
through intercoolers between stages, returning it to its original temperature and 
bringing its compression (P-V) curve closer to that for an isothermal operation. 
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Temperatures are limited to values at which the lubrication of cylinder walls can be 
maintained. 

Multi-staging with a number of separate pistons will give mechanical improvements 
of compressor load and balance, reductions in size and mass, robust construction of 
smaller, high pressure parts and reduction in clearance volume losses. Air discharged 
from the first stage of compression is passed through the intercooler where it is cooled 
at constant pressure, causing a reduction in temperature and volume. Air may make 
one pass (usual in first stage) where temperature change is moderate, or two passes in 
later stages. The cooling water makes a single pass in both cases. 

The gain in efficiency can be illustrated on a pressure-volume diagram (Fig. 5.17) on 
which it can be seen that isothermal compression (at constant temperature) causes least 
area of diagram and therefore least power absorbed. Returning the compression line to 
this curve between stages will reduce power absorbed in the second stage by the shaded 
area shown. 

A main consideration is the reduction in air temperature which makes lubrication of 
later stage liners possible and generally adds to the safety of the system. Intercoolers 
are fitted with pockets and drain valves which allow removal of moisture condensed 
during cooling together with any excess lubricating oil mist carried over in the air. 

An aftercooler is fitted after the final stage of compression. This does not improve 
the compressor efficiency but aids removal of moisture and oil and reduces air 
temperature before passing it to the air receiver. 

An intercooler contains banks of copper tubes through which the air passes. These 
are expanded into a brass tubeplate. If straight tubes are used, a header is required to 
permit thermal expansion. U tubes in a cooler cause the air to make two passes and 
tubes are free to expand. A cast iron outer casing permits circulation with cooling 
water. 
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A relief valve should be fitted to the air connection and a bursting disc fitted to the 
water casing. The bursting disc will relieve excess pressure in the water casing in the 
event of failure of an air tube. 

Little maintenance is required by intercoolers when in use. Correct temperatures and 
adequate water circulation must be maintained and air drains opened when starting or 
stopping the compressor and at frequent intervals while operating. During overhaul, 
coolers must be cleaned internally and checked for corrosion. 

The effect of operating with fouled intercoolers will be to raise the air temperature: 
this will cause lubrication difficulties in the compressor, efficiency will rapidly fall off, 
and there may be the risk of an explosion caused by overheated parts in the air system. 
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DIRECT REVERSING ENGINES 


In order to manoeuvre a ship, the propeller thrust must be reversible, by means of 
reversing the propeller drive or by altering propeller pitch. Controllable pitch 
propellers, or diesel-electric drive, allow the use of unidirectional (non-reversible) 
engines. In systems of limited power using medium or high speed engines through 
gearboxes, arrangements of clutches and reverse gears may be used. In many ships, 
however, it is necessary for the main engine to be reversible and able to operate 
efficiently in both ahead and astern directions. 

To run in the astern direction, all the operations in the engine cycle may need 
retiming. The starting air must first rotate the engine in the reverse direction and this 
will require retiming the distributor to supply compressed air to the appropriate 
cylinders in the correct order. The retiming may be carried out by altering the position 
of the distributor cam with respect to its drive from the main camshaft. 

The number of other readjustments to be made and the methods used depend upon 
the engine cycle and type. Four-stroke engines will require a change in timing of the 
fuel pumps, a different change for the air inlet valves, and yet another for the exhaust 
valves. To obtain all these changes on the same camshaft a separate set of astern cams is 
fitted. Each astern cam is fitted to the camshaft adjacent to its corresponding ahead 
cam (Fig. 6.1). The reversing procedure is then carried out by moving the whole 
camshaft axially, which moves the ahead cams clear of their followers which now 
engage the astern cams. Ramps (sloping sides) fitted between corresponding ahead and 
astern cams cause the follower’s roller to slide smoothly from one to the other. The 
axial movement is carried out by a hydraulic cylinder fitted to the camshaft; locking 
devices and safety cutouts ensure that the camshaft has carried out its full axial 
movement and is in the correct position before the engine can be restarted. To maintain 
alignment of the camshaft drive, a spline coupling may be necessary. 

Turbochargers are of course unaffected by reversal of the engine, but engine driven 
pumps must be reversible. 

Large two-stroke engines have scavenge ports which control scavenge timing. This 
must therefore be symmetrical and will thus be unchanged when reversed. Engines 
Operating with constant pressure turbocharge systems have almost symmetrical 
exhaust valve timing. Consequently no change in timing is necessary for exhaust cams. 

Fuel pump timing must be readjusted since it will be the opposite flank of the cam 
which will now raise the pump plunger to deliver fuel. There are alternative methods 
employed to change the fuel pump timing without altering the main camshaft. Two 
such systems are illustrated and described. In both cases the main camshaft drive 
timing is not altered and therefore any other drives taken from this remain 
synchronised with the engine while running astern. This is important if a balancer 
system is fitted. 
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6.2 Reversing servomotor, Sulzer RTA engines 
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Sulzer RTA engines have oil pressure operated hydraulic ‘lost motion’ servomotors 
on the camshaft which rotate the fuel pump cams to their astern positions (Fig. 6.2). 
Fuel pumps and their cams are grouped in pairs along the camshaft and a servomotor 
is fitted for each pair of adjacent cams. Oil pressure locates and secures each 
servomotor in its correct position while the engine is running. A similar servomotor is 
used to re-time the starting air distributor at its drive from the camshaft. ‘Lost motion’ 
is the term used to indicate that the timing has been retarded, or moved back, througha 
given angle with respect to the ‘new’ direction of rotation. 

MAN—B & W MC engines have their fuel pump cams fixed directly to the camshaft 
but the follower rollers can be displaced to alter the pump timing as shown in Fig. 6.3. 
The link which displaces each follower is actuated by a pneumatic cylinder and piston, 
powered by compressed air from the starting system. The link is self-locking in either 
position and a sensor is fitted to each pump to cut off fuel delivery if the link is not 
locked in its correct position. 


Pneumatic 
cylinder 


6.3 MAN—B & W reversing system 


Earlier models of two-stroke engines use elaborate systems of servomotors to rotate 
their whole camshaft to reverse the timing. 


ENGINE GOVERNORS 


A governor automatically controls engine speed by regulating the fuel supply. Modern 
practice requires a governor to be sensitive to small changes in speed and then be 
capable of returning the engine to a set speed. If it maintains the engine at a set speed, 
irrespective of changes in load and power, it is said to be isochronous. When fitted to 
main engines, there must be the facility to adjust the set speed on the governor, which is 
then said to be a variable speed type. 
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Earlier large, slow running, direct drive main engines were inherently stable under 
normal conditions. Hand controls were adjusted to give a set speed regulated by the 
propeller load. Only an overspeed cut-out was considered necessary to prevent racing 
and damage in an emergency such as a shaft fracture, loss of propeller or the propeller 
leaving the water in heavy weather. 

Modern practice requires an engine to be fitted with a governor giving close speed 
control for fuel economy, in particular for engines driving electric alternators. The type 
and size of governor must be designed to match closely the characteristics of the engine. 

Many diesel engines are fitted with mechanical—hydraulic type governors. These use a 
hydraulic servo-piston which creates sufficient power to operate the engine fuel pump 
controls without any loss in sensitivity of the mechanical speed-sensing ballhead. 
Hydraulic oil pressure is taken either from the engine’s lubrication system or from a 
separate gear pump operated by the governor drive. This is usually preferred as it 
allows the use of selected oil maintained in a clean condition. It will require oil pressure 
boosters, charged from the starting air system, to ensure sufficient power to manipulate 
the engine fuel pump controls when starting from rest. 

Fig. 6.4 shows the working parts of a mechanical-hydraulic, isochronous type 
governor, with variable speed control. The ballhead consists of two identical, 
eccentrically pivoted, flyweights mounted on opposite sides of a rotating sleeve. Speed 
of rotation is proportional to engine speed and may be by direct drive from the 
camshaft or through a stepup gear to increase governor speed and sensitivity. Dampers 
are fitted in the drive to damp and reduce any torsional vibrations. A crank on each 
flyweight bears on a sliding compression plate, which is held in equilibrium between 
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forces from the flyweight and a compressive force from compression of the governor 
speeder spring. A conical or trumpet shaped spring is used as this gives a more effective 
relationship between spring compression force and the centrifugal force on the 
flyweights. If the engine speed slows, the centrifugal force on the flyweights decreases 
allowing the moving sleeve to be lowered by the spring. If the engine speed increases, 
the centrifugal force increases and flyweights raise the sleeve. 

The sleeve is connected to a hydraulic piston valve by a rod and there is also a 
compensation piston (pilot valve receiving piston) attached to this rod which is 
subjected to a force if oil pressures on each side of it are unbalanced. This force will 
then add to, or subtract from, the speeder spring compression force at the ballhead, the 
effect being to cause a slight, temporary change in engine speed (temporary speed 
droop). 

As the engine speed slows, forces on the ballhead move the piston valve down, 
uncovering the port and allowing oil under pressure to pass into the servo system. The 
pressure acts on the buffer piston, forcing it to the right, compressing the right-hand 
buffer spring, displacing oil on that side and raising the power piston, which in turn 
increases the engine fuel pump settings. Due to compression forces on the buffer 
springs, the oil pressure on the right of the buffer piston will be slightly less than that on 
its left. These pressures are communicated to opposite sides of the compensation piston 
giving it an upward force which adds to the compression on the speeder spring. This 
assists in returning the piston valve to its shut position even though engine speed has 
not yet returned to its set value. 

The pressure difference across the compensation piston is only temporary because 
the needle valve allows oil to pass slowly and balance both sides. The buffer piston 
springs also return it to its mid-position. 

The ballhead has now returned to its original setting (at the set speed), while the 
controls are at a higher setting commensurate with the demand for greater power. 

Conversely, if the engine speed increases the ballhead raises the piston valve, 
releasing oil from the servo system. The buffer piston moves to the left: the power 
piston moves down, reducing fuel settings to slow the engine. There is now a downward 
force on the compensation piston and this together with the speeder spring 
compression forces the piston valve down to close the oil passage. These changes are 
also temporary until pressures equalise through the needle valve. The flow rate past the 
needle valve is adjusted to match the engine’s response characteristics (the time it takes 
to respond to a change in the fuel setting). 

Additional attachments to the governor system allow control of a permanent speed 
droop, which is necessary if two or more engines are to operate in tandem through a 
common geared drive. In this case their speeds are locked together, but their respective 
power settings must be governed. 

Alternator drive engines will require synchronisers to control frequency. 

Maintenance of governors must ensure that working parts are in a free and unworn 
condition. Oil passages must be clean. The oil supply must be maintained and 
replenished when necessary. A heat exchanger may be fitted to the oil circuit to regulate 
a constant oil temperature. 


Definitions of terms used in governors and control engineering can be found in the 
book Instrumentation and Control in this series, or from other standard works. The 
term ‘speed droop’ has been used and a simple explanation of this follows: 

Speed Droop is the change in operating speed to cause the fuel controls to move from 
full to zero, or vice versa. 
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Temporary Speed Droop means that the governor will, after a short delay, return to 
its original setting giving constant engine speed. 

Permanent Speed Droop means that the governor will take a different position and 
normally a different speed as load changes. 


OVERSPEED AND SAFETY CUTOUTS 


It is possible that an engine governor may fail, or not act quickly enough in an 
emergency situation to prevent damage to the engine. Thus it is usual to have an 
additional simple overspeed cutout fitted. This should act independently of the main 
speed governor, and in the event of overspeeding it will immediately cut power off the 
engine, either by raising fuel pump plunger followers clear of their cams or by opening 
pump suction valves, either of which will shut off fuel and power. Cutouts are fitted at 
each pump and they can also be used, if required, to shut power off one unit of the 
engine without affecting the remainder of the safety system. 

Power to operate the emergency system may be electrical, pneumatic or hydraulic. 
The system may be utilised for other emergencies such as failure of vital engine 
operating systems. It can be coupled to remote emergency stop buttons. Any override 
of the overspeed trip can only be carried out manually at the engine. 


ELECTRONIC GOVERNORS Simple electronic control systems can be 
designed to carry out the functions of a mechanical—hydraulic governor including 
facilities to control load-sharing, synchronising, power sensing etc. They may readily 
be incorporated as part of an overall control system to include starting and stopping 
routines, and can be programmed to avoid running at critical speeds, to prevent 
overspeed and for other safety measures. Fig. 6.5 shows a simple block diagram of the 
processes. 

A speed sensor such as a magnetic pickup transmits a signal representing the actual 
engine speed and this signal is compared with one for the desired (set speed) value. The 
error (difference) in these is amplified and passed to a controller and actuator which 
generates sufficient mechanical force and power to operate the engine pump controls. 
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Safety and Operation 


This section includes serious dangers which may exist if a diesel engine is not correctly 
operated and maintained. Fortunately most of these rarely occur, but operators must 
make themselves aware of such dangers, understand how they can develop and know 
how they are prevented. Regulations demand the fitting of certain safety devices and 
the operator must be familiar with their function and maintain them in good working 
condition. 


CRANKCASE EXPLOSIONS 


The cause of a crankcase explosion is a ‘hot spot’ or overheated part within or adjacent 
to the crankcase of an operating engine. Under normal running conditions the air in a 
crankcase will contain oil droplets formed by lubricating oil splashing from the 
bearings onto moving surfaces. This mixture will not readily burn or explode. 
Crankcase lubricating oil should normally have a high closed flashpoint (above 200°C) 
and this must be maintained in order to reduce risk of explosions. The most common 
cause of lowering the flashpoint is contamination with fuel oil. 

Local hot spots may arise due to overheating of bearings, piston rod gland, timing 
chain, hot combustion gas or sparks from piston blowpast in engines where no 
diaphragm is fitted; or from fires in spaces adjacent to the crankcase, such as scavenge 
trunks etc. 

Such sources can be eliminated by proper maintenance, correct lubrication and oil 
condition, cleanliness and by avoiding overloading the engine. The general use of white 
metal bearing materials which have moderate softening and melting temperatures also 
helps to avoid a rapid rise in temperature. 

If a hot spot exists, some oil will come into contact with it and will be vaporised, 
circulate to cooler parts of the crankcase and there condense to form a white mist of 
finely divided oil particles well mixed with air. This mist is combustible within certain 
concentrations. If the mist should now circulate back to the hot spot in such 
concentrations, it will be ignited and a primary or minor crankcase explosion will 
occur. This explosion causes a flame front and pressure wave to accelerate through the 
crankcase, vaporising further oil droplets in its path. 

The pressure shockwave may build up sufficiently by the time it reaches the 
crankcase casing to rupture crankcase doors or panels, unless otherwise relieved. In 
this event, the low-pressure wave following will draw air back into the crankcase where 
it will mix with vaporised and burning oil to cause a secondary or major explosion of 
such intensity as to cause widespread damage. It may start fires in the vicinity and 
injure personnel. 

Should the conditions of a hot spot arise within the crankcase, a watchkeeper may 
detect them by irregular running, engine noise, increase in temperatures, by smell and 
by the appearance of the dense white oil mist. 
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Detection by instruments may be by temperature sensitive probes within the 
crankcase near the bearing oil returns, or more commonly by the use of a crankcase 
mist detector (see Fig. 7.1). This operates visual and audible alarms in the event of a 
white mist being formed at well below the concentrations required for explosive 
conditions. 

Crankcase explosion relief valves (see Fig. 7.2) must be fitted to all but the smallest 
crankcases. They open automatically at moderate pressures allowing the pressure of 
the primary or minor explosion to be dissipated and preventing possible rupture of the 
casing. The valves instantly close when the pressure drops and thus prevent the ingress 
of air, eliminating the possibility of a major explosion. Valves are fitted with wire gauze 
to prevent the emission of flames and may have external deflectors to aim hot gases in 
directions where they will do least damage. 

In the event of a hot spot or explosive condition being detected, the engine must 
immediately be slowed and should be stopped as soon as possible to allow the 
overheated parts to cool down. It may be advisable to operate the engine turning gear, 
with indicator cocks open, to prevent seizure of overheated parts. 

Personnel should avoid the vicinity of relief valves. 

On no account must the crankcase be opened until the parts have cooled, as such 
action may allow the ingress of air and precipitate a major explosion. When parts have 
cooled, inspection and maintenance or repairs may be carried out. 

Subdivision of crankcases will inhibit the buildup of high velocities and pressures of 
flame propagation through the crankcase from a primary explosion. 

Crankcase doors should be of robust construction to prevent rupture. Any internal 
crankcase lighting must be flameproof. Vent pipes fitted to crankcases should not be 
too large; they must be led to a safe place, remote from the engine, and fitted with 
gauze. Oil drain connections from the engine must extend below the oil level in the 
sump. There must be no common communication between the crankcases of two 
engines. 

In some cases inert gas flooding systems may be fitted to crankcases. If these are 
used, after cooling the crankcase must be well ventilated before personnel may enter 
for inspection. 


CRANKCASE OIL MIST DETECTOR 


Fig. 7.1 is a diagrammatic view of a Graviner oil mist detector which may be fitted to 
monitor samples of the air and vapour mixture taken continuously from the crankcase 
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of a diesel engine. Such a device will detect the presence of oil mist at concentrations 
well below the level at which explosions may occur giving a warning in time to allow 
avoiding action to slow the engine and prevent either serious damage or an explosion. 

The detector consists basically of two parallel tubes of equal size, each having a 
photo-electric cell at one end which generates an electric current directly proportional 
to the intensity of the light falling on its surface. Lenses are fitted to seal the ends of each 
tube but allow light to pass. Two identical beams of light from a common lamp are 
reflected by mirrors to pass along the tubes onto the cells which are then in electrical 
balance. 

One tube is sealed to contain clean air and is termed the reference tube. The other, the 
measuring tube, has connections through which samples of the crankcase vapour are 
drawn by an electric extractor fan. If a concentration of oil mist is present in the 
sample, light will be obscured before reaching the cell of the measuring tube: electrical 
balance between the two cells will be disturbed and an alarm will be operated. 

Sampling points should be fitted to each cylinder crankcase and their connections 
are brought to a rotating selector valve which is driven from the fan motor. This 
repeatedly connects each sampling point to the measuring tube in sequence. Sampling 
connections should not exceed 12.5 metres in length and must slope to ensure positive 
drainage of oil; they must avoid any loops which could fill with oil. 

In the event of oil mist being detected the rotator stops to indicate which sampling 
point is concerned. The instrument must be reset before the alarm ceases and sampling 
will recommence its sequence. 

The extractor fan is very small and after testing the samples are exhausted to 
atmosphere. 

The detector should be tested daily and the sensitivity checked. Lenses and mirrors 
should be cleaned periodically. 

In this model the total mist concentration is measured with respect to clean air. An 
alternative model draws samples through both reference and measuring tubes. A 
mixture from all cylinder crankcases is passed through the reference tube while 
comparison is made with samples from each cylinder crankcase and also from the 
atmosphere. In this manner a general sample of all cylinders is compared with the 
normal atmosphere and each individual sample is also compared against the average. 


CRANKCASE RELIEF VALVES 


Fig. 7.2 shows a crankcase explosion relief valve which may be fitted to a diesel engine 
crankcase. It consists of a light spring-loaded non-return disc valve of simple 
construction. The valve disc is of aluminium alloy which reduces its mass and the 
inertia to be overcome when opening or closing valves rapidly. The large diameter 
spring will give sensitivity and allow the valve to float. The absence of a valve spindle 
eliminates the risk of the valve jamming. 

The valve landing must make a gas and oil tight seal when closed and a non-stick oil 
and heat resisting rubber ring is fitted to the disc face. 

An external aluminium valve cover secures the valve spring and acts as a deflector to 
direct any gas emitted over an arc of 120° aimed where it can do least damage. Inside 
the crankcase is a dome-shaped flame trap made of several layers of woven, mild steel 
wire gauze. This projects into the crankcase where it will become wetted with oil mist or 
splash from adjacent bearings. When wet with oil the gauze dissipates heat at a greater 
rate and becomes more effective as a flame trap. Free area of the gauze must at least be 
equal to the area of the open valve. 
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7.2 Crankcase pressure relief valve 


The valve assembly is secured to an aperture cut in the crankcase by a number of 
cover studs and distance spacers; these act as guides for the valve disc. The valve spring 
is designed to allow the valve to open under an internal pressure of approximately 
5 kN/m? and will close automatically when pressure has been relieved. 

Regulations demand that for engines of over 300mm bore, one crankcase relief 
valve of approved design is fitted to each crankcase and chain case. The combined area 
of the relief valves should be not less than 115 cm? per cubic metre of crankcase volume. 
The free area of each valve is to be not less than 45 cm?. For smaller engines a reduction 
in the size and number of valves is allowed. These regulations also apply to the 
crankcases of large air compressors, etc. 

Crankcase doors should be robust to prevent damage or rupture before relief valves 
operate to relieve pressure. 

Valves will require little maintenance but should be tested periodically by hand; the 
spring should be inspected and the gauze cleaned. 


SCAVENGE FIRES 


A scavenge fire may be caused by the ignition of unburned oil and carbon which has 
been blown from the engine cylinder into the scavenge spaces. This may include 
unburned fuel or cylinder lubricating oil and may be due to incorrect combustion 
caused by a defective injector, faulty fuel pump timing, incorrect fuel condition, lack of 
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scavenge air, partially choked exhaust, low compression, afterburning, by operating 
the engine at overload conditions, or due to defective piston rings, badly worn cylinder 
liner, or by wrongly timed or excessive cylinder lubrication. 

The oil will build up in scavenge spaces where it will become carbonised by further 
heating and will then reach a condition in which it can burn in the presence of air. It 
may be ignited by hot gases and burning particles from blowpast of piston rings. 

Indications of a scavenge fire are loss in power and irregular running of the engine, 
high exhaust temperatures of corresponding units, smoke in exhaust gas, high local 
temperature in scavenge trunk, surging of turbocharger, and sparks and smoke 
emitted from scavenge drains. 

Ifa fire is detected engine speed must be reduced, fuel shut off from the affected units, 
cylinder lubrication increased and scavenge drains shut. A minor fire may shortly burn 
out and conditions will gradually return to normal. The affected units should be run on 
reduced power until inspection of the scavenge trunking and overhaul of the cylinder 
and piston can be carried out at the earliest safe opportunity. 

Should a fire persist, if there is a risk of the fire extending or if the scavenge trunk is 
adjacent to the crankcase with risk of a hot spot developing, the engine must be 
stopped, normal cooling maintained and it may be advisable to engage turning gear to 
prevent seizure. 

Fire extinguishing medium should be applied through fittings in the scavenge trunk: 
these may inject carbon dioxide, dry powder or smothering steam. 

Measures must be taken to avoid the spread of the fire and if necessary cooling may 
be applied to the outer surfaces. On no account must the scavenge trunk be opened up 
while it is still hot or danger of an explosion may arise. 

Personnel should avoid standing close to relief valves. 

After extinguishing the fire and cooling down, the scavenge trunking and scavenge 
ports should be cleaned and the trunking together with cylinder liner and water seals, 
piston, piston rings, piston skirt, piston rod and gland must be inspected. Tightness of 
tie bolts should be checked before restarting the engine. Fire extinguishers should be 
recharged at the first opportunity and faults diagnosed as having caused the fire must 
be rectified. 

To prevent scavenge fires good maintenance and correct adjustment must be carried 
out. Scavenge trunking must be periodically inspected and cleaned and any buildup of 
contamination noted and remedied. Scavenge drains should be blown regularly and 
any passage of oil from them noted. 

Safety devices fitted to scavenge systems may include an electrical temperature 
sensing device fitted within the trunking which will automatically sound an alarm in the 
event of an excessive rise in local temperature (above 200°C). 

Pressure relief valves consisting of self-closing spring-loaded valves are fitted and 
should be examined and tested periodically. Other safety devices could include the 
scavenge drains and the fitting of a fixed fire extinguishing system. With such a system 
maintenance will include inspection and cleaning of injection spreaders, weighing of 
gas containers and rotation of dry powder containers to keep the powder freeflowing. 

The alarm systems should be tested daily. 

When any fire occurs in the engine spaces, the fire alarm should be sounded and 
assistance or advice summoned. Cleanliness in these spaces will help to prevent fires 
spreading. 
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STARTING AIR SYSTEM EXPLOSION 


Possible causes of an explosion in high-pressure starting air pipelines are the 
continuous leaking of a defective cylinder non-return valve while the engine is 
operating, or such a valve sticking in the open position during manoeuvring. 

Under normal operation, some lubricating oil mist may be discharged from the air 
compressor to the air start system. This oil may be from excess compressor cylinder 
lubrication, from faulty oil scraper rings, or may even be suspended oil vapour 
contaminating the engineroom atmosphere and drawn in at the compressor suction. 
Oil discharge is kept to a minimum by draining the aftercooler, air receiver and starting 
system. If small quantities of lubricating oil do get passed into the starting air system, 
they will deposit as a thin moist film over internal pipe surfaces but are not readily 
combustible. 

If a cylinder non-return valve should leak while the engine is in operation, some hot 
gas, possibly with unburned fuel and cylinder lubricating oil, may be blown through 
the valve to the adjacent air manifold. With further heating from the leaky valve, this, 
together with the already deposited oil film, will carbonise and form incandescent 
carbon. If starting air is applied to the system while still hot, the high pressure air 
coming into contact with the burning carbon may cause an explosion. Such an 
explosion will cause a flame to pass back through the air start pipe system, evaporating 
the deposited oil film and igniting it in the presence of air. Very high velocities and 
shockwaves are generated which may rupture pipes and fittings. 

Alternatively, if excessive oil has entered the air start system, a mixture of air and oil 
droplets may be discharged through the open cylinder non-return valve during 
starting. This spray may ignite due to high temperatures in the cylinder, causing a flame 
through the still open valve to the air manifold. 

To prevent an explosion, air start valves must be correctly maintained and 
lubricated to ensure correct timing and free movement with positive closing. Oil in the 
system must be kept to a minimum, pipe lines must be drained and cleaned internally 
when necessary and oil discharge from air compressors must be kept to a minimum by 
good maintenance. 

To minimise the effects of such explosions, the air start manifold to each cylinder 
valve must be fitted with a flame trap and ample relief valves; bursting caps or discs 
must be fitted to relieve excess pressure. An isolating non-return valve is fitted at the 
outlet from the main control valve. 

A leaking air start valve can be detected while the engine is operating by local 
overheating of the pipe adjacent to the valve. If this should occur, the engine should be 
stopped at the first opportunity and the valve replaced. As a temporary measure, a 
blank flange may be fitted to the air manifold connection to isolate this valve, but since 
it will no longer operate it is possible for the engine to stop in a position from which it 
will not readily restart. Warning of this situation must be transmitted to the bridge. 

When the air start system is not in use it must be shut down and all drains should be 
opened. Drains are closed after air pressure has been put on the system. Air start valves 
should be lubricated, where such fittings are present, before the start of a voyage or 
during a long voyage without use. Cylinder non-return valves may be tested for 
tightness while in port by shutting isolating valves on the control air connections and 
applying air to the start manifold. Escape of air through open indicator cocks will 
disclose a leaking valve. 

In the event of overheating of the discharge from the air compressor to the filling 
line, an explosion would be possible between the compressor and the air reservoir. 


122 


SAFETY AND OPERATION 


Overheating may be caused by failure of compressor intercooler and circulating water. 
In this case the high temperature within the high-pressure stage will make operation of 
the compressor and its cylinder lubrication difficult. 

Excess discharge temperature is detected either by an alarm system or a fusible plug 
which will melt at 121°C to give warning. 

In some engines it is possible to gag an air start valve. It must be stressed that gagging 
does not stop the valve leaking and should not be adopted. 


CYLINDER SAFETY VALVE 


Fig. 7.3 shows a half-section of a cylinder safety valve fitted to the covers of a large two- 
stroke engine to release excess gas pressure from the cylinder. The valve is of stainless 
steel with a mitre seat and is loaded by compressing a helical spring. The lower end of 
the spindle is radiused to allow the valve to align with its seat; valve lift is limited by a 
shoulder at the top of the spindle. The spring keep or cap nut is locked in position to 
regulate the correct spring compression and the valve is set to lift at not more than 20% 
above the designed engine pressure. 

Maintenance consists of cleaning and inspection at the same intervals as cylinder 
overhaul. The valve and seat should be examined and reground if necessary, the spring 
checked for its free length with no warping. After assembly the valve should be set and 
pressure tested. 


7.3 Cylinder relief safety valve 


Lifting of a safety valve relieves the dangerous pressure in the cylinder and also 
warns of incorrect conditions. The reasons for this must be ascertained and corrective 
action taken. The high temperature gas and flame expelled may damage the safety 
valve seat. 

Valves may lift during manoeuvring or slow running for a number of reasons. 
Ignition may be violent if engine speed is too slow, if a fuel injector has leaked during 
priming, or a fuel pump setting is too high or incorrectly timed. Should starting air be 
used as a brake when stopping an engine for reversal or during a ‘crash stop’, high 
compression pressures at about top dead centre may cause safety valves to lift 
momentarily. 

Valves lifting during running may indicate an overload or timing faults including the 
camshaft drive. 

Safety valve area is only designed to relieve excess gas pressure and may be 
insufficient to prevent damage in the event of cooling water or oil leaking into the 
cylinder. Before starting an engine for the first time it should always be turned slowly 
with indicator cocks open to expel any leakage. 
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BLACK SMOKE IN EXHAUST 


Black smoke exhaust indicates incomplete combustion of fuel and unless the reason is 
obvious, it is necessary to ascertain whether one particular unit or a number of units are 
causing the smoke. 

A particular unit making smoke may be detected by shutting fuel off from each 
cylinder in turn, while observing the exhaust condition. This method will be 
inconclusive if more than one unit is causing smoke. On some engines, test cocks are 
fitted to the exhaust branches from each unit: by opening these in turn the exhaust gas 
from each unit can be sampled. The gas may be allowed to blow onto a piece of wet rag 
or damp paper on which a deposit will show from units causing smoke. 

If smoke is from one unit only, the probable cause is the fuel system for that cylinder. 
Injector faults may be a worn or partially choked atomiser, leaking valve, broken or 
incorrectly set spring. Fuel pump faults include incorrect timing, worn plunger, and 
also worn, slack or wrongly positioned cam. Low compression results from a worn 
cylinder liner, worn or broken piston rings or leaking cylinder valves. Insufficient 
combustion air in one cylinder may show choked scavenge ports in a two-stroke, or 
faulty air inlet valve in a four-stroke engine. Diagnosis of the particular fault can be 
assisted by checking the exhaust temperature, use of combustion monitoring or by 
taking indicator diagrams. 

If all units are producing smoke, reasons may be fuel condition or lack of 
combustion air. Fuel temperature and viscosity should be checked. Lack of air may be 
due to fouling of the turbocharger either on the gas side or the air side, including inlet 
filters and passages in the charge air cooler. An exhaust gas back-pressure may be 
caused at a waste heat boiler, etc. 

Overloading an engine or too high a rate of acceleration causes smoke. Turbo- 
charger lag occurs as engine speed is increased, but this should be overcome as exhaust 
energy builds up and accelerates the turbocharger. 

A scavenge or uptake fire will cause smoke, but is usually obvious by other effects. If 
an uptake fire is the cause of the smoke, it may have little effect on engine operation. It 
can be caused by unburnt carbon carried over from incomplete combustion. 

External surfaces in the vicinity of the fire should be cooled and any combustible 
material in the immediate area removed. If the engine is stopped, starting air should 
not be applied while the fire continues. 

Remedial action will depend upon the cause: faulty injectors can be replaced, fuel 
condition or timing rectified, turbochargers may be water washed, etc. 

In trunk piston engines, smoke may also indicate the failure of scraper rings, causing 
excessive lubricating oil to be burnt in the cylinder. 


CHANGE IN OIL LEVEL 


Any fluctuation in the level of lubricating oil in the engine sump or drain tank must be 
investigated; it may be due to a number of causes. It may occur to a limited extent due 
to movement of the ship—either pitching or rolling—particularly if the oil level gauge 
is not situated at the centre of the tank. The reliability of the level gauge should also be 
checked since float or transmission equipment may be faulty. A check must be carried 
out to ascertain that no valves have been incorrectly opened or closed, allowing oil to 
enter or leave the system. 

If the oil level has risen it is possible that there is a leak into the system, which may be 
water from leaks in the cooling system, such as glands or seal rings, allowing 
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contamination of the crankcase from cylinder jackets, water cooled pistons etc. There 
may be a leak at the oil cooler, although the oil pressure should be greater than that of 
sea water to prevent this. A test for water will indicate such a leak. 

Although fuel contamination could occur under certain circumstances, it is unlikely 
to be at such a rate as to be noticed at sump level. A flashpoint test on the oil will 
ascertain if fuel is present. Choking of the oil filters or failure of the pumps may allow a 
level rise, but this will be evident from the pressures within the system and perhaps 
pressure alarms. 

If the oil level has fallen there may be an oil leak in the system and this must be 
searched for at all pumps, filters, pipes, joints and glands, at the crankcase and the 
drain tank. The water seal in the oil purifier together with the purifier pump should also 
be checked. Choking of oil drain grids within the crankcase will cause the oil level to 
build up there and not return to the drain tank. The possibility of the pressure relief 
valves allowing oil to leak from the system should be examined. 

In trunk piston engines, failure of oil scraper rings may cause the consumption of 
lubricating oil to be high. This should be evident by high exhaust temperatures, smoke 
and blowpast from jammed piston rings. It may cause danger of fires or an explosion. 


CRANKCASE NOISE 


Excessive noise from a crankcase is generally local to one particular area and may have 
a number of causes. Sudden, loud noises probably indicate the breakage of parts and 
may cause overheating. In this case the engine must be slowed or stopped, but 
crankcase doors must remain closed until safe entry can be made to investigate. 

Worn or slack camshaft drive gears or chains tend to vibrate in that part of the 
crankcase. Overheated bearings or glands also generate noise. Knocking may be heard 
from slack bearings, particularly crosshead guides, as a result of wear, misalignment, 
slackening or breakage of bolts, studs or other fixtures. 

Piston cooling system noises include ‘water hammer’ or knocking from pipes or 
glands. 

Lubrication faults of insufficient oil pressure, failure or choking of connections or 
passages, reduction in lubricating properties due to excessive temperature or 
deterioration, and jets of oil splashing against fast-moving surfaces will add to the 
noise level. 

Overloading the engine or early ignition will transmit shock loads through the 
running gear and bearings. 

In trunk piston engines, additional crankcase noise is heard in the event of piston 
blowpast or an overheated piston or liner. 

Any change or sudden noise pattern must be investigated. 


LEAKING EXHAUST VALVE 


This can be detected during operation by high local exhaust temperature with possibly 
hoise and smoke. The compression pressure and peak firing pressure in the cylinder will 
be reduced. 

If allowed to continue, damage to the exhaust valve and seat will increase due to 
burning by high velocity, very hot gases. Partly burned fuel may pass to exhaust grids, 
turbochargers, silencers and uptakes causing fouling, loss in efficiency, surging of 
turbocharger, uptake fires or explosions under certain circumstances. 

The valve must be changed at the first opportunity and until then fuel should be shut 
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off that cylinder. To prevent such leakages exhaust valves must be changed and 
overhauled at regular intervals and valve tappet clearances checked. Excessive powers 
must be avoided and combustion efficiency maintained. 


CRITICAL SPEED 


The power and corresponding torque transmitted to the crankshaft by each cylinder of 
a reciprocating engine varies throughout its cycle. The torque is greatest during the 
expansion stroke and least during compression, and this is repeated from each cylinder 
in turn. The varying cyclic torques tend to set up torsional] vibrations in the engine and 
propeller shafting. The frequency of any peak torque can be found as: number of 
engine cylinders x number of cycles per unit time. 

These vibrations are normally damped and their energy dissipated by the elasticity 
of mechanical parts, oil films at bearings, and the work absorbed at the propeller. An 
engine system, including all the shafting, working parts, bearings, propeller etc, is 
manufactured from metal parts which have natural elasticity. There will be a natural 
frequency for the whole system at which it will tend to vibrate if caused to do so. 

Should the frequency of peak torques from the running engine coincide with, or be a 
multiple of, the natural frequency for the system, a condition of resonance is set up. 
Resonance may cause unacceptable torsional vibrations and consequent stresses to be 
induced. Engine speeds at which this can occur are termed critical speeds. 

To prevent the buildup of these high stresses, engines must not be run continuously 
at, or close to, critical speeds. Warning of any critical speed within the operating range 
of the engine must be given. Remote speed control systems must be programmed to 
avoid operating the engine at critical speeds. 


SURGING OF TURBOCHARGERS 


Surging is usually first detected by noises from the air compressor side. The noises may 
differ but may include howling, whining, knocking and banging. The turbocharger 
may race intermittently; air discharge pressure will drop and behave erratically. Unless 
the surging becomes frequent or continuous it should not harm the turbocharger or 
engine, but loss of air will cause poor combustion with all its relative problems. 

A sudden reduction in engine speed with the corresponding drop in demand for air 
may cause surging, but this is temporary and stable conditions are soon re-established. 

Turbochargers are designed to avoid surging under normal operating conditions 
and a surge will indicate abnormal change in either air or exhaust gas flow to or from 
the charger. Turbochargers may be prone to surging if an engine is operated with one 
or more units not producing power. 

Provided no sudden change in engine power has taken place, surging in a normally 
stable system while running can usually be traced to fouling. If this is on the air side it 
may be within the compressor, including the impeller and diffuser, intake filters, charge 
air cooler or choked scavenge ports. On the gas side it may be in the turbine at the 
nozzle ring or moving blades. It may also be due to choked grids or in a waste heat 
boiler. 

Asa temporary remedy, stability can be reinstated by reducing the engine speed and 
power. Measures must be taken as soon as convenient to remove the fouling. The first 
measure which can be carried out while the engine is operating is to water-wash the 
turbocharger (see Chapter 3). 

Should the turbocharger vibrate and slow down, it should be stopped and examined 
for bearing damage or loss in balance. 

A scavenge fire may lead to surging, but this becomes obvious from its other effects. 
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Abrasion, 48 

‘A’ frames, 76, 78 
Afterburning, 25 
Aftercooler, 107 

Air compressor, 106 
Air cooler, 107 

Air distributor, 103 

Air filter, 107 

Air inlet valve, 42 

Air spring, 42 

Air starting system, 103 
Alignment, 73, 75 
Aluminium bearings, 68, 69 
Articulated bearing, 70 
Aspiration, 20 
Atomisation, 88 
Austenitic steel, 40 
Automatic valve, 103 


Balanced rotor, 37 
Balance of power, 27 
Balancer, 82 

Barred speed, 126 
Barring motor, 73 
Bearing materials, 68, 69 
Bedplate, 75 

Big end bearing, 69 
Black smoke, 124 

Blade vibration, 34 
Blended fuel, 89 
Blocking device, 73 
Blowdown, 20, 31 
Blowpast, 26 

Booster pump, 86 
Borate treatment, 101 
Bore cooling, 44 

Bottom end, 69 

Bursting disc, 104, 110, 122 


Camshaft, 81 
Camshaft drive, 82 
Catalytic fines, 49, 85 
Cavitation, 85, 96, 101 
CCAI value, 89 
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Central cooling, 39, 101 
Centrifuge, 85, 99 

Cetane number, 89 
Charge air cooler, 37 
Chocking of bedplates, 79 
Choked exhaust, 27 
Choked injector, 26 
Chromium plating, 43, 65 
CH value, 89 

Clarifier, 85 

Cleaning turbocharger, 37 
Clock gauge, 73 

Cocktail shaker, 61 
Column, 75, 79 
Combustion, 88 
Combustion chamber, 59 
Combustion monitoring, 28 
Common rail system, 9 
Compressed air, 42, 104 
Compression diagram, 22 
Compression ignition, 89 
Connecting rod, 66 
Constant pressure charge, 34 
Continuous grain process, 70 
Control, 111 

Cooling systems, 16, 101 
Corrosion in cylinder, 48 
Corrosion inhibitors, 101 
Coupling, 11 

Crankcase, 78, 117 
Crankcase explosion, 117 
Crankcase lubrication, 99 
Crankcase noise, 125 
Crankcase relief valve, 119 
Crankshaft, 70 
Crankshaft deflection, 73 
Crank web, 70 

Critical speed, 116, 126 
Crosshead, 68 

Crosshead bearing, 68 
Cross scavenge, 31 

Cycles, 19 

Cylinder cover, 53 
Cylinder jacket, 45 
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Cylinder liner, 43 
Cylinder lubrication, 45 
Cylinder safety valve, 123 
Cylinder wear, 48 


Damping, 114 
Deflections, 73 
Deglazing, 51 
Degradation of oil, 100 
Density of fuel, 85 
Detonation, 89 
Dewpoint, 39, 48 
Diaphragm, 54 
Diesel Index, 89 
Diesel knock, 89 
Direct drive, | 
Draw card, 23 
Duplex chain, 84 


Early ignition, 24 
Electronic governor, 116 
Emulsification, 100 
Emulsion oil, 101 

Engine indicator, 22 
Engine seating, 78 

Engine stroke, 19 

Epoxy resin chocks, 79 
Excess air, 31 

Exhaust ports, 10, 31 
Exhaust temperature, 40 
Exhaust valve, 40 
Explosion in air start, 122 
Explosion in crankcase, 117 


Fire in scavenge, 120 

Fir tree root, 34 

Flame arrester, 104 
Flash point, 85 
Fluid-film lubrication, 69 
Flywheel, 73 

Fork and blade, 70 
Four-stroke cycle, 20 
Framebox, 78 

Fresh water cooling, 101 
Fretting, 69, 78, 79 
Friction in cylinder, 48 
Fuel contamination, 85 
Fuel ignition, 89 

Fuel injector, 90 

Fuel pump, 94 

Fuel system, 86 

Fuel treatment, 85 

Fuel valve cooling, 93, 103 
Fusible plug, 105, 107 
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Gauging a liner, 49 
Gear drive, 1 
Governor, 113 
Gudgeon pin, 69 
Guides, 68 


Helix pump control, 94 
Holding down bolts, 80 
Hydraulic exhaust valve, 41 
Hydraulic governor, 114 


Ignition delay, 89 

Ignition jump, 28 

Ignition lag, 24, 89 
Ignition quality, 89 
Inconel, 40 

Indicator, 22 

Indicator diagram, 21 
Inhibitors, 101 

Injector, 90 

Inlet valve, 42 

Intercooler, 107, 109 
Isochronous governor, 113 
Isothermal compression, 108 


Jacket cooling, 43, 101 
Jerk pump, 94 


Kinetic energy, 73 
Kinetic viscosity, 87 


Late ignition, 25 

Leaking exhaust valve, 125 
Leaking injector, 25, 92 
Leaking start valve, 104, 122 
Light spring diagram, 23 
Loop scavenge, 31 

Lost motion, 113 

Low compression, 26 

Low inertia ring, 66 

Low speed running, 90 
Lubricating oils, 100 
Lubrication system, 98 


Main bearing, 72 
Matched turbochargers, 33 
Mean indicated pressure, 22 


Mechanical-hydraulic governor, 114 


Medium speed engines, 11 


Microbial degradation of oil, 100 


Micro organisms, 100, 101 
Mist detector, 118 

Moment balancer, 82 
Multi-stage compression, 108 


Natural frequency, 126 
Needle valve, 90 
Nimonic alloy, 40 
Nitrite-borate, 101 


Oil control ring, 65 

Oil cooled piston, 57 

Oil mist detector, 118 
Opposed piston engine, 9 
Oscilloscope, 28 

Out of phase diagram, 23 
Overlap, 21, 30 
Overspeed, 116 


Peak pressure, 28 
Penetration, 88 
Pilot injection, 90 
Piston cooling, 56 
Piston rings, 63 
Piston rod, 61 
Piston rod gland, 55 
Piston skirt, 61 
Plasma coating, 65 
Post scavenge, 19 
Power balance, 27 
Power card, 22 
Pressure charging, 32 
Pulse charging, 33 
Purifier, 85, 99 

Push rod, 40 


Relief valve, 101, 110, 119, 122 
Reservoir, 104 

Resin chocks, 79 

Resonance, 126 

Reversing, 111 

Roller chain, 83 

Rotating piston, 15 

Rotocap, 40 


SAE numbers, 100 
Safety valve, 123 
Saponification, 100 
Scavenge, 30 

Scavenge fire, 120 
Scraper ring, 65 
Scuffing, 49 

Seal rings, 52 
Secondary burning, 25, 92 
Semi built-up shaft, 70 
Settling tank, 85 
Shaker, 61 

Shell bearing, 68, 69, 72 
Shrink fit, 70 
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Side by side bearings, 70 
Slow turning, 104 
Sludge, 85 

Sodium, 40 

Speed droop, 115 
Spherical bearing, 15 
Split cooling, 101 

Split crosshead, 4, 69 
Starting air explosion, 122 
Starting air receiver, 104 
Starting air system, 103 
Staybolts, 78 

Stellite, 40 

Stratification, 85 
Sulphur, 48, 100 
Supercharge, 32 

Surge, 121, 125, 126 


Tappet, 41 

TBN number, 46, 48, 100 
Teflon, 55 

Temporary droop, 116 
Thermostat, 87 

Thinwall bearing, 68, 69 
Through scavenge, 31 
Thrust bearing, 72 

Tie bolts, 78 

Top end, 68 

Torsional vibration, 126 
Trunk piston, 61 
Turbocharger, 34 
Turbocharge system, 32 
Turbulence, 89 

Turning gear, 73 

Twin injection, 90 

Two stage turbocharging, 39 
Two-stroke cycle, 19 


Uncooled fuel valve, 94 
Uncooled turbocharger, 36 
Undercooling, 39 
Under-piston charge, 9 
Uniflow scavenge, 31 


Valve cooling, 93, 103 
Valve-timed pump, 98 
Vanadium, 40 

Variable ignition timing, 90 
Variable speed governor, 113 
Vee engines, 11 

Vibration, 101, 126 
Viscosity, 87, 88 

Viscosity regulator, 87 
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Water cooled piston, 58 Weardown, 72 

Water cooling system, 101 Wear in cylinder, 48 

Water hammer, 103 Wear on rings, 64 

Water treatment, 101 Welded crankshaft, 72 

Water washing, 37, 126 Whitemetal bearings, 68, 69, 117 
Weak spring diagram, 23 White mist, 117 
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